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INTRODUCTION 
The study of films spread on water dates back to before 
the last century. Benjamin Franklin, in 1765, carried out 
experiments on the spreading of oils on the pond at Clapham 
Common. It was not until 1891 that the first quantitative 
studies were reported by Frâulein Pockels. Rayleigh and 
Devaux were also pioneers in this field. 
Hardy pointed out in 1913 that monomolecular films 
(monolayers) are formed from molecules having both a hydro­
phobic and hydrophilic part; the hydrophilic part must be 
oriented down into the aqueous substrate, the hydrophobic 
part up away from the substrate. In 1917 Langmuir provided 
conclusive experimental support for this idea through his 
studies of the compression properties of various long chain 
fatty acid monolayers. The names of Adam, Rideal, Harkins, 
Guastalla, Zisman and Dervichian are associated with more 
recent developments of experimental techniques for measuring 
monolayer compression, viscosity and orientation character­
istics. 
Methods for the measurement of monolayer properties are 
extensively discussed in the books by Adam (l), Harkins (2), 
Adamson (3), and Davies and Rideal (4). Adamson gives 
probably the best modern account of surface chemistry. 
Davies and Rideal, the newest of the cited books, is a 
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thorough exposition of the authors' viewpoint and. researches 
on the properties of surface films. Harkins discusses most 
of his own work giving quantitative data on the properties 
of many insoluble film systems. Adam's book, written in 
1941, is a classic in the field; it serves as a good source 
for review of the older literature. 
The viscosity properties of monolayers have been ex­
tensively studied employing techniques adapted from methods 
often used to measure bulk viscosity. Canal techniques 
analogous to capillary flow viscosimeters, and rotating 
rings analogous to rotating bob viscosimeters have been used 
extensively (4). 
The viscous force produced by shear motion through a 
surface film is given by 
£ = ^sL W (Eq. 1) 
surface 
M 
where [i is the surface viscosity constant, in units of L 
s ' 
is the length of shear "lines" and — 
dr 
is the velocity 
surface 
gradient between shearing "lines" on the film surface. In 
contrast to |~i , the analogous bulk viscosity constant, |a, , 
M in units of adds a length dimension so that the viscous 
force produced in bulk shear motion is given by 
3 
dq 
— 
= dr * (Bq. 2) 
dq 
A is the area of the shear "planes" and is the velocity-
gradient between the shear "planes." 
The elastic properties of monolayers have not been ex­
plored to any great extent. In a recent paper reviewing 
work on this aspect of surface films, Tschoegl (5) pointed 
out that a number of authors have used elastic parameters 
which were dimensionally incorrect. One can define the com-
pressional modulus K as 
K c  - -S  (-gg)  (Eq. 3)  
where TT = Y^-Y, the change in surface tension (YQ = 72 d/cm 
for water) and S is the area occupied by one molecule in the 
film. The units on the surface elastic constant must be 
4, . (Eq. 4a) 
T 
This is in contrast to the bulk elastic constant with units 
of 
(Eq.  4b)  
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The techniques previously used to study surface elastic 
constants were closely related to the rotating disk technique 
for measuring viscosity. Tschoegl1 s statement concerning the 
use of the oscillating needle is typical of the state of the 
art : 
The oscillating needle offers certain experimental 
advantages over the disk or ring. Unfortunately no 
really satisfactory expression has been yet proposed, 
for the calculation of the coefficient of surface 
viscosity or the surface shear modulus determined 
with an oscillating needle or vane, since the problem 
is indeed very difficult to treat hydrodynamically. 
The study of capillary ripple propagation presents a 
different path to the visco-elastic properties of monolayers. 
Consider the profile of a free liquid surface crossed by 
forced ripples following the equation 
)j = 7] Q exp(-ax)cos(kx-u)t) . (Eq. 5) 
The ripples, generated continuously at x = 0, travel in the 
positive x direction along the trough. The ripples die out 
according to the term exp(-ax). It should be apparent that 
the area of the free surface in steady oscillation will be 
greater than its area at rest. It is also true that the 
local area available to monolayer molecules will fluctuate 
2TT 
with time going through one complete oscillation in — 
seconds. This periodic area change must work against forces 
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associated with monolayer viscosity and elasticity. It is 
reasonable to expect that determination of the ripple propa­
gation parameters, i.e., the ripple damping coefficient, the 
(JL) 
angular frequency uu, and the propagation velocity c (= ^ ), 
should allow quantitative discussion of the visco-elastic 
properties of monolayers if the associated hydrodynamical 
problem can be solved. 
Surface Waves 
Wave motion has fascinated man for many centuries. 
This fascination is exemplified by the hours of pleasure. 
often found by young children throwing pebbles into placid 
ponds. The expanding circle of ripples traveling away from 
a disturbance is familiar to many. It is quite natural that 
the wave motion of large bodies of water should have been 
closely studied; sea travel is an important aspect of our 
culture. The literature on water wave propagation is very 
extensive. One needs only to look at an example of this 
literature, Stoker's (6) "Water Wav'es, " to realize that the 
problems treated are primarily concerned with the motion of 
large waves under the influence of a variety of boundary 
conditions. Most often the restoring force is considered to 
be only the conservative gravity field. Our interest is in 
the effect of surface restoring forces, that is, in the 
effect of surface tension phenomena on wave properties. 
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Thus restricting our literature search, we find that the 
bulk of the literature on waves is excluded. It is the pur­
pose of this section to review the literature on the subject 
of capillary ripple propagation. 
The calming effect of oil poured on turbulent sea has 
been known for a long time. Pliny recorded the practice of 
seamen pouring oil on rough water in the first century A.D. 
In 1762 Benjamin Franklin related stories of the use of oil 
to reduce surf or to reduce annoying ripple reflection pat­
terns on lakes during spear fishing expeditions. In 1891 
Frâulein Pockels (7) showed experimentally that monolayers 
spread on water surfaces will damp surface ripples. 
The functional relation between the wave propagation 
velocity and frequency, referred to as velocity dispersion, 
was first derived by Lord Kelvin (8) in 1871. This rela­
tion, subsequently called the Kelvin equation, is derived in 
the theoretical section, Equation 24, of This Thesis. 
Experimental techniques for the study of capillary rip­
ple phenomena have received little attention. In 1936 Brown 
(9) described a number of techniques for the measurement of 
ripple velocity; his bibliography of 20 entries included all 
important work on this subject up to 1936. No significant 
developments in technique have been published since that 
date. All of the methods investigated by Brown depended 
upon the direct measurement of ripple wave lengths by 
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optical techniques, and most of them depended upon the plane 
waves forming a series of approximately cylindrical lenses 
on the water surface. Lighting was usually synchronized with 
the wave production mechanism in order to cause progressive 
waves to appear as standing waves, that is, a stroboscopic 
effect was usually sought. Fairly precise knowledge of the 
ripple frequencies was obtained by a complex and, by com­
parison with modern techniques, rather amusing collection of 
equipment involving such items as an Osglim lamp, electri­
cally driven tuning forks, and a stroboscopic disc mounted 
on the spindle of a "phonic" motor. The number of fre­
quencies which Brown was able to use with these techniques 
was small and their range was also rather limited. 
Only four journal papers (10, 11, 12, 13) have been 
published on the measurement of the amplitude and damping 
properties of capillary ripples. Brown's (10)'paper pub­
lished in 1936 was the most extensive publication on the 
experimental aspects of the problem, however, he presented 
only "preliminary results" on the damping coefficient for 
ripples moving on clean water surfaces at a single frequency, 
300 cps. Briefly, he calculated the damping coefficient at 
a given frequency from optical measurements of the focal 
length change with ripple amplitude of the approximately 
cylindrical lens formed on the water surface by plane capil­
lary waves. Brown, however, has not published on this 
8 
subject since 1936. 
Davies and Rideal (4) very recently referred to damping 
of waves by monolayers. They had the following to say about 
the experimental problem of measuring damping properties : 
rrExperimentally, it is convenient to study wave-damping 
using an oscillating plate at a given amplitude and fre­
quency to produce waves at one end of a very long Langmuir 
trough. One counts the number of waves, n , which can just 
be distinguished, or photographs the waves and finds n for 
the amplitude to be reduced to a certain level . . .,r They 
presented some data on the wave damping properties of sodium 
lauryl sulfate films at a frequency of 50 cps. We have not 
found any further reports on their research in the current 
literature. To our knowledge, Brown's paper and the rather 
short section in the book by Davies and Rideal represent the 
total published effort in this field since 1936. 
The theoretical aspects of capillary waves have received 
more attention. The work of Kelvin and others was summarized 
in Lamb's (l4) classic on hydrodynamics. Both the propaga­
tion velocity equation and the theory of the damping of free 
wave motion under a number of different boundary conditions 
were discussed. However, the boundary conditions employed 
by Lamb were restricted to either the clean surface case or 
the rigid surface film case. In the latter case, the hori­
zontal component of surface velocity was taken to be zero. 
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Klemm (15) and Wieghardt (16) approached the theory of 
the damping of normal mode wave motion on a free surface by 
writing the dynamic surface tension as a sum of the static 
surface tension and terms proportional to the particle velo­
city along the surface. Klemm introduced a single relaxa­
tion time constant into his formulation to take care of the 
local perturbation of surface concentration due to the wave 
motion. Wieghardt ignored the relaxation assumption of 
Klemm and proceeded to develop equations for the normal 
modes calculation assuming that the dynamic surface tension 
was modified by a term proportional to the velocity gradient 
across the surface. 
Dorrestein (17) has rather recently written on the 
effect of surface films on water ripple propagation. He 
introduced surface viscosity through a term proportional to 
the derivative of the component of velocity parallel to the 
surface with respect to the distance parallel to the sur­
face, and he introduced an elastic modulus term by assuming 
that surface pressure and area per molecule data were 
linearly related. This last assumption is true only for 
certain substances in certain surface concentration ranges.1 
Harkins (2, p. 114, Fig. 11) shows the force-area 
curves for palmitic acid at various temperatures. Both 
non-linear and linear regions exist in this system. 
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He allowed for hysteresis In monolayer compression by Intro­
ducing a phase factor Into the formulation. 
Levich (l8) in l$4l published two papers on the damping 
of surface waves treating both the soluble monolayer and the 
insoluble monolayer cases. He derived tne boundary condi­
tions from a thermodynamic point of view; film viscosity did 
not play a part in his theory. Levich's diffusion control 
theory of wave damping for soluble monolayers contained a 
number of ideas that were incorporated into our theory to be 
presented later. However, a consequence of the approxima­
tions Levich applied to his formulation of the time damping 
of capillary waves was that the horizontal component of 
velocity at the surface could be taken as zero; this result 
implies that the film produced by a soluble monolayer is 
rigid. 
Koussakov (19) has treated the case of capillary waves 
at the interface between two viscous liquids at finite 
depth. A number of papers have been written on the damping 
of waves using the ideal fluid assumption (20, 21). Notable 
among these is a paper by Crapper (22) wherein he develops 
equations that are exact representations for progressive 
capillary waves of arbitrary amplitude. Case and Parkinson 
(23) have examined the damping of surface waves in liquids 
contained in cylinders. They use boundary layer theory to 
simplify the development of their theory. 
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There is every reason to expect that surface films 
should have visco-elastic properties analogous to those of 
bulk systems. There is no a priori reason to exclude either 
surface elastic forces or surface viscous forces from con-. 
sideration in the hydrodynamic boundary value problem. We 
should expect that the surface elastic forces are propor­
tional to the monolayer strain and the surface viscous 
forces are proportional to the rate of monolayer strain. No 
theory embodying these expectations has hitherto been pre­
sented. 
Purpose of This Research 
The purpose of this research effort can be broken into 
four parts: 
1. To develop the instrumentation necessary to quickly 
and accurately measure the propagation parameters 
of surface films 
2. To measure the propagation parameters on a number 
of representative film types 
3. To develop the hydrodynamical theory of surface 
waves on the basis of our concept of the surface 
visco-elastic forces involved 
4. To compare the theory to our experimental results. 
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THE HYDRODYNAMIC THEORY OF SURFACE LAYERS 
Introduction 
The theory of capillary ripple phenomena presented in 
This Thesis is developed within the framework of classical 
fluid dynamics. We have found that the approach to fluid 
dynamics' given by Landau and Lifshitz (24) has been the one 
most useful and stimulating reference; the classic exposi­
tion by Lamb (l4) must not be ignored. The writings of 
Wehausen and Laitone (25), Truesdell (26), and Sommerfeld 
(27) have been read with profit. 
Birkhoff (28) has recently written a book which is 
largely devoted to two special aspects of fluid mechanics: 
the logical relation between theory and experiment, and the 
application of symmetry concepts. Birkhoff interestingly 
and at times somewhat cynically discussed the assumptions 
hidden in the mathematical formulation of fluid dynamical 
problems. Hurchelwood was quoted as having said "fluid 
dynamicists were divided into hydraulic engineers who ob­
served what could not be explained, and mathematicians who 
explained things that could not be observed.rr Birkhoff 
admits that progress in the formulation and solution of the 
boundary value problems of "rational" hydrodynamics would 
have been much slower if rigorous mathematics had not been 
supplanted by "plausible intuitive hypotheses.,r The 
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following plausibility hypotheses were mentioned and appear 
especially suggestive for the formulation of the hydrodyna­
mic surface layer theory: 
PI Intuition determines which physical variables re­
quire consideration. 
P2 Small causes produce small effects, and infinites­
imal causes produce infinitesimal effects. 
P3 Symmetric causes produce effects with the same 
symmetry. 
P4 The flow topology can be guessed by intuition. 
P5 The process of analysis can be freely used; the 
functions appearing can be freely integrated, 
differentiated, and expanded in series or 
integrals. 
P6 Mathematical problems suggested by intuitive 
physical ideas are well set. 
These plausibility assumptions are often made tacitly in the 
formulation of physical theories. Our theory will make fre­
quent use of these assumptions. We will try occasionally to 
point out where some of these assumptions are used as the 
theory develops. 
Our theory will depend upon the validity of the Navier-
Stokes equations of motion for describing the incompressible 
flow of viscous fluids (Pi). The experimental evidence, 
e.g., see Birkhoff (28), pertaining to the validity of the 
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Navler-Stokes equation of motion strongly implies that this 
description can be applied successfully to incompressible 
fluid flow at low Mac h numbers. We assume that the fluid of 
interest to us, water, is incompressible (Pi) and experi­
mentally we know that the fluid particle velocity was far 
below the sound propagation velocity. 
The Navier-Stokes equations of motion are expressed in 
terms of the vector equation: 
r  d q  )  2 — 1  
pWç + (q.? )qj= -7p + ^ 7 q + (n + gU) V div q + F . 
(Eq. 1) 
The equation is simplified with the incompressibility 
assumption to 
( dq • i p 
p j-grjr + (q. V )_qj = - Vp + HV Q'+Z. (Eq. 2) 
where p = fluid density 
q = vector particle velocity 
H = viscosity coefficient 
"jl = additional viscosity coefficient1 
The general theory of fluids requires two viscosity _ 
coefficients, the incompressibility assumption eliminates \i 
from our consideration. 
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F =•body forces, e.g., gravity forces 
p = pressure. 
The experimental conditions are such that the sinusoidal 
wave amplitude and the particle velocity, q, are very small. 
We wish to rationalize the linearization of the Navier-
Stokes equation using the small amplitude assumption. Let 
us suppose that we can in view of the experimental magnitude 
of the wave amplitude express the various variables entering 
into the problem as power series expansions, (P2, P5). Let 
3 be the perturbation parameter for the expansion, then 
q = 3qx + P2q2 + . . . 
P = P0 + 3P1 + P2P2 + • • • 
F = Fq + PFi + 32F2 + . . . (Eq. 3) 
Substitution of these expansions into Equation 2 and then 
upon collecting terms of like powers of P, we find for P° 
- VP0 +1^ = 0 (Eq. 4) 
and for g1 
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^—i ? 
p = -Vp-l + + Zi • " (Eq. 5) 
We will Ignore the higher order perturbation terms (P2)„ 
Equation 4, for the case of a conservative gravity field, 
just expresses the variation of pressure with depth in a 
static fluid. It is convenient to combine the zero order 
and first order perturbation equations through the following 
definitions: 
q = Pq-L 
P = PQ + PP]_ 
F = F + pp. 
— —0 —1 (Eq. 6) 
Then we see that Equations 4 and 5 combine to give 
dPq, P 
P -jg- = " 7(po + Ppx) + HV Pqx + + PF^ 
or 
P = - V P + k1 + F 
Bq 
(Eq.  7)  
which is the linearized Navier-Stokes equation (LNS). The 
quantities q, p, and F are to be considered as reflecting 
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the actual physical quantities of velocity, pressure, and 
body forces to the precision of a first order approximation. 
The desirable feature of this linearization technique is 
that the extension to higher order approximations, while in 
practice difficult to calculate, is in principle obvious. 
It should be noted that the nonlinear terms start appearing 
with the second order perturbation equations. The reader is 
referred to the article by Wehausen and Laitone (25) for a 
more extensive discussion of perturbation techniques in the 
hydrodynamic theory of waves. 
We shall first consider the case in which the fluid is 
assumed to be both incompressible and irrotational. These 
assumptions lead to the Kelvin (8) capillary ripple velocity 
dispersion relation. Only gravity and static surface ten­
sion forces enter into the formulation; the Euler equation 
of motion is used. The theory will then be generalized to 
include the fact that real fluids have viscosity; the LNS 
equation of motion will be used. The theory will also re­
flect the fact that surface films possess properties in 
addition to surface tension; surface film viscosity and 
elasticity will be included in the formulation of the dis­
persion equations. The surface properties enter the theory 
through the imposition of continuity on the stress tensor 
evaluated at the surface. This condition reflects the 
physical fact that, under our experimental conditions, 
l8a 
forces acting on any surface within the fluid region, in­
cluding the bounding surface, must be continuous with re­
spect to space and time variables. A further boundary con­
dition is imposed on the system by the fact that a surface 
continuity equation must be obeyed. This boundary condition 
allows us to describe the insoluble monolayer and also the 
soluble monolayer systems. The soluble monolayer theory re­
quires that a source-sink term be added to the surface con­
tinuity equation. The form of this source-sink term allows 
us to introduce mechanisms for surface adsorption into the 
theory. 
Insoluble Monolayer Case 
Ideal fluid theory 
Focus attention on a fluid filling the region y < 0 
with the fluid surface represented at rest by the equation 
y = 0, Figure 1. Let the surface undergo periodic perturba­
tions in the y direction traveling in the x direction with 
Off 
velocity c, wave length (k = and frequency v(Œ = 2TTV). 
Let^ , the height of the surface with respect to the plane 
y = 0, be a function of x and t. If the fluid is incompres­
sible and irrotational, then 
7 .q = 0 (Eq.  8)  
18b 
liîî??2î2ïrrîi!:?î?ii2îZîr:2:;îî»2-
Z 
Figure 1. Fluid surface under periodic motion 
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V*q = 0 (Eq.  9)  
where q is the velocity vector represented by the ordered 
triple of numbers (u, v, w). Suppose that the plane waves 
propagated along the x-axis have the form 
We know from Equation 9 that there exists a function cp such 
that 
and in fact Equation 8 implies that cp must satisfy 
The boundary conditions on Equation 12 read 
i) cp is periodic in x 
ii) If the fluid is considered to be 
unbounded in depth then 
lim cp(x,y) = 0 . 
y-> -OA 
iii) If the fluid is considered to be of 
finite depth, h, then the condition 
on cp is 
^ Q sin (kx -out ) (Eq. 10) 
q = - ?cp(x,y) (Eq. 11) 
V 2cp(x,y)' ='0 . (Eq. 12) 
lim dcp _ 
y-> -h "5y ' (Eq. 13) 
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If the boundary conditions are taken to be i and ii, then 
cp(x,y) = A exp(ay) cos (ax - b) 
If the boundary conditions are taken to be i and iii, then 
cp(x,y) = A cosh a(y + h) cos (ax - b) 
Since q:(u,v,o) = C~ ~ o), the y component of the 
velocity at the surface is given by 
" ("5y)y_»o- = ' (Eq* l4) 
This implies, in case i and ii are taken as boundary condi­
tions, that 
<P(x,y) = exp(ky) cos (kx - tut) , (Eq. 15') 
and in the case of i, iii conditions we have 
cp(x,y) = ^ 7j0 coth (ky + kh) cos (kx - U)t) . (Eq. 151 ' ) 
We next relate cp(x,y) | y^ 0- to the surface tension of the 
fluid and the wave propagation velocity (c = -^). The 
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equation of motion for inviscid flow (Euler's equation) is 
read from the Navier-Stokes equation as 
P = Z ~ Vp . (Eq. 16) 
The body force is taken to be that of gravity; 
F : (0, - Pg, 0) = - vpgy . (Eq. 17) 
Substitution of Equations 11 and 17 into Equation 16 pro­
duces the result 
V [- + -^P + gyl = 0 (Eq. 18) 
which integrates to 
-5^ + + gy = constant 
Assuming that p = pQ when q = C>, y = 0, we can write the 
pressure drop across the interface as 
Ap - |<^ ~ ^  (Eq. 19) 
but Ap = - y (Eq. 20) 
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where y is the surface tension of the fluid. 
Thus , - 0= 7 ^  " S*1 " (Eq" 21) 
Substitution of Equations 10, 151 and 10, 15!1 gives 
3 
eu2 = iî-X + kg (Eq. 22') 
3 
and w2 = (-—^ + kg) tanh (kh) . (Eq. 22'') 
Equation 22' can also be written as 
-y 0 = 31 „rs_ /V,2 ^ 2nyi (Eq. 23) vCfw^) +  
and in case the gravity term can be ignored 
'J-
c = / 2TTY v 
or . . œ2 = . (Eq. 24) 
Waves obeying Equation 24 are often called "capillary 
ripples.,r The alternate case, in which kg is very large 
23 
Yk^ 
compared to —— is followed by waves referred to as "gravity 
waves." The gravity term is small for waves on clean water 
surfaces if the frequency of the waves is above roughly 100 
cps. 
It is interesting to note how Equations 22' and 2211 
compare for situations of experimental interest. Assuming a 
fluid depth of 1 cm and a wave length of 0.3 cm we have in 
this unfavorable case that 
tanh (kh) = tanh = tanh 21 
where 0.99991 < tanh 21 < 1. It should be clear that to a 
very high degree of approximation the water depth can be 
taken as infinite. 
It is also of interest to try to find an estimate of 
the effect of the air mass over the surface on the wave 
propagation velocity dispersion. To do this, one can assume 
that during the wave motion the air is essentially at rest 
so that 
= 0 . (Eq. 25) 
To the extent that this is true 
24 
div qair = 0 . (Eq. 26) 
Assuming that the "flow" of air is irrotational and ignoring 
gravity we find the following equations : 
Vair = -%o E Gxp(-ky) cos (kx - tut) (Eq. 27) 
pair v tu2 
pair 
- ) J Q  y~ exp(-ky) cos (kx - tut) . (Eq. 28) 
We will then find, upon substitution of Equation 28 and the 
analogous equation calculated from Equation 151 into Equa­
tion 20, the result that 
• 
( E q
'
2 9 )  
Since the density of air is about a factor of one 
thousand smaller than the density of water, the presence of 
the gas phase will be ignored in subsequent considerations. 
Real fluid theory 
We now relax the conditions placed on the fluid by 
recognizing that aqueous systems are viscous. We retain the 
25 • 
incompressiMlity assumption but we can no longer call the 
fluid irrotational. The LNS equation is written with the 
body force assumed to be- gravity: 
dq 
p 
"cTt = ~ V (p + Pgy) + UAq . (Eq. 30) 
The fluid flow is required to obey the continuity equation 
which is written for regions without sources or sinks as 
+ divpq = 0 . (Eq. 31) 
The stress tensor becomes for an incompressible fluid 
dq, dq 
°ij = - P5ij + ^ ^ • <E1- 32) 
We note that with q : (u, v, 0) and the independence of the 
motion with z the Equations 30, 31 and 32 become 
It + If = 0 (Eq- 33) 
p It = ~ Ii + (Eq. 34) 
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p II = ~ If ~ Ps + (Eq. 35) 
(- P + + l|) 0 
CT + Ii). (- p + If) 0 
0 0 
-P (Eq. 36) 
The entries of the matrix CT are the components of the 
stress tensor applying to this system. 
Any vector q can be represented uniquely to within a 
constant vector by the sum of a solenoldal vector and the 
gradient of a potential function, i.e., 
4 = % + 
where q^, q2 Q satisfy the conditions that 
curl q^ = 0, div q^=O (Eq. 37) 
The first condition implies the existence of a function cp 
such that q^ = - Çfcp. Since the smooth flow is to be 
treated in two dimensions, there exists a function V such 
27 
that at each point (x, y) the velocity vector q2 is tangent 
to the line defined by ^(x, y, t) = constant. Time is 
taken to be a parameter. We. can write 
d
'
(
'
=o = !!dx + !fdy 
II - IS • (Eq. 38) 
-1» ii ' 
oy ox 
The condition that is tangent to = constant is that 
dr 
a2 x ai =0 ^ - (Bq- 39) 
Equations 38, 39 suggest the definition: 
dV 
"2 = - "5? 
v2 = "tx * (Eq. 4o) 
That this function leads to a solenoldal vector is demon­
strated by noting 
Su2 3V2 
dlv Is = -5ST +. ly" = 
a2 V a2 y _ n 
ôx3y ôxôy 
28 
providing that If/ is in C". 
Now the velocity components of q can be written as 
u = - 52 - H lix ~ dy 
v = 
~ ly + Ix ' (Eq-
Substituting Equations 4l into Equations 34 and 35 we find 
" Itf^  +  ft35E =  '  ly " g  +  (" | f  + | | )  
" It& " It5y = " 7 II + p V2 H " If) * (Eq- 42) 
2 We note that div 3 = div = - div grad cp = 0 = ^  cp under 
the assumption of incompresslbility and uniform density of 
the fluid. Assuming sufficient continuity of cp, we have 
" It& - Wf = - i I# - p !y ( 
3 cp , 5 Y 1 dp „ ^ M d / 2 
3t9y + ôtôx p "cïy ë T P |E-g+H|_(v^) • 
(Eq. 43') 
These equations will become identities if 
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and (Eq. 43") 
Thus the problem of finding q satisfying Equations 34 and 
35 has been transformed to the problem of finding a poten­
tial function (cp) and a stream function (f) such that 
The capillary ripples are produced experimentally by. a 
T bar lying along the Z axis in periodic motion around y = 0 
but constrained to move in the Y-Z plane. The waves are 
propagated toward increasing x with amplitude ^  . With 
these facts in mind, we look for potential and stream func­
tions that have the form 
72cp = 0 
H - £ v a T  
(Eq. 44) 
f(y)-exp i(kx - wt) (Eq. 45) 
where k = k + let; a is the damping coefficient sought for 
comparison with experiment. 
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Assuming cp = Y^(j) exp i(kx - cut) we find that 
-  +  Y { '  ( y )  =  o  ( E q .  4 6 ' )  
so that Y, = Q exp(ky) + B exp(-ky) (Eq. 46'') 
and cp(x,y,t) = [Q exp(ky) + B exp(-ky)] exp i(kx - out) 
(Eq. 47) 
Assuming ^  = Y_(y) exp i(kx - cut) we find from the 
second of Equations 44 that 
- iwYg(y) = ^  - -p 
2 defining m as 
m2 = k2 - -^cu (Eq. 48' ) 
we see that 
(x,y, t ) = [G exp (my) + D exp (-my) ] exp i (kx - out) 
(Eq. 48") 
We assume that the wave motion damps quickly away from 
the surface so that even in the case of the trough actually 
used in the experimental part of this research we can impose 
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the conditions that lim cp(x,y), lim (x,y) are both 
y—> -oo y-* - oo 
zero. Providing that the real parts of m and k are positive 
(as a consequence of the choice of roots in the case of m). 
we have that D = B = 0. Thus 
cp(x,y,t) = Q exp(ky) exp i(kx - wt) (Eq. 49) 
(x,y, t) = G exp (my) exp i(kx - cut) . (Eq. 50 ) 
Calculating the components of q we find: 
= [- ikQ exp(ky) - Gm exp (my)] exp i (kx - out) 
(Eq. 51) 
= CikG exp (my) - kQ exp (ky ) ] exp i (kx - cut) 
(Eq. 52) 
^ = - it"Q exp(ky) exp i(kx - (Vt) - gy . (Eq. 53) 
The vertical and horizontal surface displacements are 
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calculated by f = v|y=0 £ = u|y=Q where we have assumed 
that ^  1s sufficiently small to allow u |y=0 = ujy_^as a 
first order approximation. We have that ~ 
5 = CikG exp (my) - kQ exp (ky ) 3 |y=Q exp i (kx - out) 
k 
5 = - -jjj [G + 1Q] exp i(kx - uit) (Eq. 54) 
£ = u|y_0 = - EikQ + Gm] exp i (kx - out) 
£ = "ÛJ - IGm] exp i(kx - u)t) . (Eq. 55) 
We must next formulate the boundary conditions which 
will be sufficient to establish a unique solution to the 
problem. The first boundary condition is purely kinematic. 
Let yj - (x, t ) = F (x,y, t ) = 0 be the bounding surface. Then 
we have that 
3F dx dy ôF n 
^dt "5ydt "^t= ' 
Let v* be the velocity of the surface at (x,y) and v* 
— —n 
be the normal component of the velocity of the surface at 
(x,y) then 
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3F 
 ^= tUT • ^  = iHr • 
The velocity of the fluid particle at the point (x,y) on the 
surface will be denoted by _q, its normal component by q^. 
Now 
^n ™ tVF]™ * & * 
The boundary condition states that 
vj = qn (Eq. 56) 
which implies that 
If+  - uH+  v l f  =  0  
or 
DP 
Dt = 0 . (Eq. 57) 
Other boundary conditions are formulated in terms of 
the continuity of the components of the stress tensor asso­
ciated with the normal to the free surface. We suppose that 
the normal to the surface is given to a good approximation 
by 
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n : (0,1,0) 
so that 
faxy" 
a n = | ayy (Eq. 58) 
L 0 J y-*0 
is the vector expression of the force acting on a unit area 
of surface. We impose the condition 
on the vertical component - of the surface force vector; y is 
tangential component of the force per unit area acting on 
the surface y = 0. The problem is to find a satisfactory 
model for the tangential monolayer forces; such forces, in­
voking continuity, are to be equated to the stress tensor 
component, axy, evaluated at y = 0. 
Consider an area Aq containing nQ molecules of a 
surface active agent undergoing dilatation. Assuming that 
Hooke's law holds and that the viscous force is proportional 
to the time rate of change of strain, we write 
(Eq. 59) 
the surface tension of the system and the curvature of 
the surface. 
The stress tensor component cxy| 
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or 
o o 
*  = * o  +  k e  ( S l  S ° ]  ' (Eg. 60) 
O 0 
S is defined as the area occupied by each molecule, S = ^ , 
kg is the film elastic constant, k is the film viscosity 
constant, and F is the force exerted on a line one centi­
meter long lying in the surface. Define f1 , the surface 
density of surfactant, by the relation P = -jr. Assuming that 
the dilatation of the surface due to capillary ripples is 
very small, we can write 
= - Mr-rj - k„£T (Eq- 6i> 
where 
k 
K„ = tt - (Eq. 62) 
v " 7T 
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We must next relate the xy component of the stress 
tensor to the forces produced by local dilatation of the 
surface during wave passage. Figure 2 shows the nature of 
the surface forces involved in our model. Initially the 
forces acting on a line ÔZ are balanced, Figure 2A, and re­
flect the equilibrium surface tension of the system. On 
dilatation, the local change in area.represented in Figure 
2B by the region 6Z6x, will cause a surface tension gradient 
across the region. The surface film will try to return to 
the original state resulting in a net force in the negative 
x direction given by 
rw ZlTTI 
F, ÔZ - AF6Z - Fn 6Z = 1. 1 dx 6x6Z 
(x1#x2) 
The net force per unit area must be equal to the stress 
tensor component, cxy, evaluated at y = 7j so that we write 
f Txy|y.>i-)5x6z = - H 6xôZ . (Eq. 63') 
x £(x1,x2) 
Substituting for F, and taking )| to be small, we see that 
(as 0x6Z goes to zero) CTxy|y_ 0^- becomes 
= Ke !£ + âî • (El. 63") 
F,SZ K; S 
X 
A 
UNDER _ 
DILATATION 
IN THE POSITIVE 
X DIRECTION 
Figure: 2. Lateral surface forces 
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We must also impose the surface continuity equation written 
in this case for insoluble monolayers; 
If + div Pq|y^ 0- = 0. (Eq. 64) 
This equation must be solved for P in terms of the propaga­
tion parameters. If we assume that the concentration varia­
tion is due only to horizontal displacements, the boundary 
value problem can be stated as 
df n du I 
subject to lim P(x,t) = P . (Eq. 65) 
x-roo 
The linearization of Equation 64 can be discussed in terms 
of the perturbation theory developed in the introduction of 
this section. The P calculated from Equation 65 should 
represent the surface density of surfactant to within the 
first order of approximation. 
The function evaluated at y-»0 is taken from Equa­
tion 51. 
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With 
u|y_>0"~ = ~ '-1—Q + Gm] exp i(kx - out) 
-1^ 1 = - ikCikQ + Gm] exp i (kx - out ) 
l y - » o  
= kCkQ - iGm] exp i(kx - out) (Eq. 66) 
we have that 
-> n 
= - p0 kCkQ - iGm] exp i(kx - out) 
Integration gives 
P — 
= - H. 75 • CikQ + Gm] exp i (kx - out ) o ou ' 
+ constant 
but 
lim exp i (kx - out ) = lim exp (-ax) exp i (kx - out ) = 0 
x-> oo x— 
so that 
V - Pn = - PQ -jjj CikQ + Gm] exp i (kx - out); (Eq. 67) 
Equation 63'1 thus becomes 
4 o  
K, 
CTxy|y_ 0^- = ~P0(i âp + ^ v)Cik3Q + k2Gm] exp i(kx - .wt) . 
(Eq. 68) 
Equation 36 states that 
Oxyly-»o: • - $ • 
so that using Equations 51 and 52 we find 
CTxyJy_^o~ = - M CG(m2 + k2) + 2ik2Q] exp i(kx - out) 
(Eq. 69) 
Equating Equations 68 and 69 we find that 
P (i + X )[ik3Q + k2Gm] = + H [G(m2 + k2) + 2ik2Q] . 1 0 w V — — — — 
(Eq. 70) 
Using Equations 52, 53 and 54 we solve as follows : 
£h 
• v -g-
and noting that ^  = J , the result of integrating Equation 
56, we have that 
4l 
I yk3 
cyy|y_»0"" = ~UT ^  + iQ^  exp- i(kx - (Wt) (Eq. 71) 
but 
ayyly-Kf = - p|y-»cr + 
= £iwpQ + 2|a[ikGm - k2Q]^ exp i(kx - cut) 
so that 
2 icupQ + 2|i[ikmG - k^Q] = — [G + iQ]- . (Eq. 72) 
Rearranging Equations 70 and 72 we find two homogeneous 
linear equations in the constants Q and G: 
^ik^I—^ + Ky] - 2ink^Q + |/^[-^ + Kv]mk2 - it(k2 + m2)jo = 0 
(Eq. 73) 
and 
f  P  iYk3") r  Yk3 1  
I imp - 2 [ik - -jjj— V Q + ji2|amk - — > G = 0 . 
(Eq. 74) 
At this point in the development of the theory, it is 
desirable to make several further assumptions concerning the 
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magnitude of the propagation parameters. Specifically we 
assume that (^)n, for n > 1, can be ignored when compared to 
unity. This approximation leads to the following relations: 
- = 1 + i -
k k (Eq. 75) 
= i _ (#)% + 2i # 
= 1 + 21 | (Eq. 7.6) 
(#)3 = 1 - 3(^ )2 + 
= 1 + 31 | • (Eq. 77) 
The theory would simplify if a proper approximation can be 
found for m. We proceed as follows : 
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(|)2 - 1 - (5)2 + i[2 « k 
pou -
k2n' 
where 
= r exp(i6) 
|(f'2l 
and 
tanG = 
n a peu 
2 k - 72 
k"u 
1 - (5)2 
tanG Î 2 o pw 
k k2n 
2 v 3 Assuming a Kelvin equation fit, ou = -i kJ 
tanG | = 2 ^  
13 
•*- (W 
k2M V" 
1 1 
a p2y2 
2 77 ~ k 1 
Uk2 
2 ! -100 (F>21 
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Assuming a surface tension of 40 d/cm and a wave number of 
l80 — we have in this unfavorable case that 
cm 
tanG = 
1 
100 _ 0.1 
so that 
tanG = 47 
Noting that 2 < 0 and that 1 - (-^)2 > 0 we conclude 
k U 
that 0 = - ^  . This value for 0 implies that 
m _ f pw 
k V 
Ci - i] = 
S7 
p(JU 
A 
(Eq. 78) 
We next choose a set of dimenslonless groups which .will 
prove useful to the discussion: 
Z 1  " I  
z2 = (•^)Kvm = ™ 
Z3 " >*e " £ 
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z,, = |-l 0) 
4 - yk 
Z5 
/ peu N 
2k2|a 
z « - S  
(Eq. 79) 
We should note at this point that two of the groups are 
degenerate,1 i.e., 
Zg = 2Z|Z4 . 
It is useful to retain Zg to remind us that the particular 
group defined "by Zg, is unity if the Kelvin equation holds 
for the system investigated. Introducing the Z^ dimension-
less groups into the approximation equations we find 
k 
k = 1 + 1Z1 
k p 
Ç)2 = 1 + 2iZ1 
Actually, Zc could be defined by 
Z5 - (^1 - (|)2)2 + (2#-^  
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k -
(^ )3 = 1 + 3iZ1 
^ = Z [l - i] . (Eq. 80) 
We next put Equation 74 into dimensionless form by dividing 
Y 3 through by ku: 
(i)3l0 = 0 • 
Substituting entries from Equation 80, and the dimensionless 
groups defined in Equation 79, we find 
fiZg - 2Z4(1 + 2iZ1) - i(l + 3iZ1) ^ Q 
+ ^2Z^Z (l + i)(l + iZ1) - 1 - 3iZ]_ }g = 0 
or 
~ 2Z^) + i(Zg - 1 - 4Z1Z^)J Q 
+ |[2Z4Z5(1 - Z1) - 1] + iC2Z4Z5(l + z1) - 3Z1]}G = 0 . 
(Eq. .81) 
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Equation 73 can also be put into dimensionless form by 
Yk3 dividing through by - : 
{ ^ ê 3 [ l  W- + V - 21 F?ê2] « 
+ {r œ[1 £+ V î è2 - % [ê2 + (ï)2]j = - o 
We next substitute from Equations 79 to give 
{i(l + 3iZ1)(iZ3 + Zg) - 2iZ4(l + i2Z1)J Q 
+ {[iZ3 + Zg]Z^ [l - i][l + i2Z]L] - Z^ (2+ i(4Z1- 2Z^ ))j G 
which can be written 
{(4Z^  _ SZ^ Zg - Z^ ) + i(Zg - SZ^ Z^  - 2Z^ )j Q 
+ |[Z2Z5(1 + 2Z1) + Z3Z5(1 - 2Z1) - 2Z4] 
+ i[Z3Z5(l + 2Z1) - Z2Z5(1 - 2Z1) - 4Z1Z4 + Z6]Jg = 0 
(Eq. 
Equations 8l and 82 are linear and homogeneous in two 
unknown complex constants, Q and G. These two equations 
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are of the form 
(a]_2 ^ = ^ 
(a21 + ib21)Q + (a22 + ib22)G = 0 (Eq. 83) 
where we take 
all = 4Z1Z4 " 3Z1Z2 " Z3 
bll = Z2 ~ 3Z1Z3 ~ 2Z4 
&12 = + 2Zl) + - 2%%) -
b.12 = 2325(1 + 2%%) - - 2%%) - 4Z1Z4 + Zg 
a2]_ = - 2Z4 
b21 = Z6 - 1 - 4ZlZ4 
a22 = 2Z4Z5(1 - zi> - 1 
bgg = 2Z4Z5(1 + Z1) - 3Z1 . (Eq. 84) 
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The necessary and sufficient condition for existence of 
a non-trivial solution for Equations 83 is that the deter­
minant of the coefficients is zero, i.e., 
all + lbll 
a21 + lb21 
a12 + lb12 
3*22 "t~ "^^ 22 
= 0 (Eq. 85) 
This equation can "be written as 
all a12 
a21 a22 
bll b12 
b21 b22 
+ i 
all al2 
b21 b22 
+ 
}11 b12 
21 22 
= 0 (Eq. 86) 
For this equation to hold, the real part and the imaginary 
part must each equal zero. 
We can handle Equations 83 in another way in order to 
circumvent calculation of the constants Q and G. Writing 
Q = Q1 + iQ,r and G = G' + iG'r we see that 
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3--qQ' - - b^ gG^  = 0 
BJ JQ1 + A^I QRR + B^GG ' + A^.GG,R = 0 
3-g-^ Q' - bg^ Q" + aggG' - bggG" = 0 
bgiQ1 + ag-^Q" + bggG ' + = ® (Eq. 87) 
The necessary and sufficient condition for existence of a 
non-trivial solution of Equations' 86 is that the determinant 
of the coefficients1 is zero, i.e., 
all bll a12 b12 
bll all b12 a12 
a21 b21 a21 b22 
b2l a21 b22 a22 
= 0 (Eq. 88) 
It is not transparent that Equations 86 and 88 are 
equivalent. Suppose we let 
^Note that these coefficients are real. 
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a, = 
all + lbll 
a0 = 
a12 + lb12 
a^  — ®"21 lb21 
a4 a22 ^  ib22 (Eq. 89) 
The complex conjugate of these quantities will be written 
af. First multiply column 2 (Equation 88) by -i and add to 
column 1, then multiply column 4 by -i and add to column 3. 
Next multiply row 1 by i and add to row 2, then multiply 
row 3 by i and add to row 4. Equation 88 will transform 
under these operations to 
al bll a2 b12 
0 0 
a^ b2i a 4 b22 
0 a* 0 a| 
= 0, (Eq. 90) 
Expanding we find that 
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0 
a* a% a* a% 
or 
a. 1 a 2 
0 (Eq. 91') 
a3 a4 a* a% 
Me must have that one or both of the 2x2 determinats in 
Equation 911 is zero; in fact both are zero as expansion of 
each 2x2 determinant into real and imaginary parts will 
show. 
It might appear that we have lost some information in 
using Equation 88 since Equation 86 requires both the real 
and imaginary parts of this equation to be zero thus giving 
two equations which must be satisfied together while Equa­
tion 88 stands alone. However if we write 
= A1 + iA" 
then Equation 911 reads 
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(A' )2 + (A,r)2 = o (Eq. 91" ) 
which holds iff 
A' = 0 
A,r = 0 . 
Indeed, Equations 86 and 88 are equivalent. 
To conclude this section of the theory, we must point 
out that portions of the hydrodynamical theory expounded 
here have been discussed by others. The viewpoint from 
which we develop the theory is our own. Our handling of the 
visco-elastic parameters is, to our knowledge, new. Our use 
of dimensionless groups is also new. 
The application of this theory to our experimental re­
sults will be discussed in a later section of This Thesis. 
Soluble Monolayer Case 
Basic assumptions 
A number of assumptions are to be carried throughout 
this section : 
i) The surface active compound (surfactant) is 
positive-adsorbed at the air-liquid interface; 
the surface layer is always in a state of statis­
tical equilibrium with the adjacent subsurface 
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layer of the. volume solution. 
ii) The solution is dilute. 
iii) The interactions between surface layer molecules 
are. weak so that surface viscosity parameter, k , 
can be neglected. 
As the theory develops, assumptions will be made con­
cerning the degree of approximation to be carried in the 
calculation. Order symbols will usually be used to indicate 
behavior of series expansion remainder terms. To review, 
f(x) = O(qCxl) reads that there is a positive real number M 
such that 
f M q 
for all x in some specified domain. 
Preliminary considerations 
Waves generated on a liquid surface will cause local 
periodic variations of the surface area resulting in local 
periodic variations in the surface concentration of the 
surfactant. In the insoluble monolayer case, the total num­
ber of surfactant molecules confined to the surface of given 
area remains constant with time although the waves will 
cause local concentration changes. In this case, the two 
dimension continuity equation holds: 
55 
-|£ + divf q = 0 
F is independent of the volume surfactant concentration. 
In the case of soluble films, the total number of 
surfactant molecules confined to the surface of given area 
varies periodically with time; the nature of the concentra­
tion variations will depend upon the volume concentration of 
the surfactant. The functional relationship between f1 and 
C, the surface concentration and the volume concentration of 
the surfactant, will reflect the model chosen to represent 
the adsorption-desorption process. This section treats the 
diffusion control model. 
Theory 
Define PQ as the surface concentration of the unde-
formed surface and p1 ( = f1 - f1 ) as the total change in 
surface concentration due to deformation. Let C and C1 
o 
( = C - C ) denote the volume solution concentration and the 
volume solution concentration change due to the diffusion of 
the substrate surfactant molecules to the surface as the 
result of surface deformation. 
At equilibrium., it is necessary for the chemical poten­
tial of the Surfactant in the subsurface layer to equal the 
chemical potential of the surfactant in the surface layer. 
Assuming sufficiently small surface deformations so that the 
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chemical potential changes are infinitesimal, we expand the 
chemical potential functions in terms of p1 and C1 ignoring 
terms of 0(p'2) and 0(C12): 
Bu I 
ns(r') = ns(o) f" 
'Po 
MV(C') = uv(0) +^| C' . 
! c 0  
Asserting basic assumption i), 
,a wv.  (Tjr) P' - (-5C-) c^o" 
Po , co 
and so 
C 
' - -SilT^ °;-0- • <E(3- 92) 
("5r") 
r o 
Basic assumption il) allows us to write 
= RT log C + f(P,T) 
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so that 
r ' • cr -!î^— Cy^o- • • 93) 
(^ V 
• o 
The continuity equation written in the previous section must 
now include a term reflecting the diffusion process occur­
ring at the interface. The Pick's law flux will be written 
as 
r, ac'i 
D 
-Srly-M' • 
The linearized surface continuity equation, with the addi­
tion of the source-sink term, becomes 
if + + D(^)y_yO- = 0 . 
Since p 1 « P Q and p ' = p - p s 
+ To ~5xiy-*0~ + D(||-)y^0- = ° " (Gq. 94) 
To determine the diffusion flux from the volume solution, it 
is necessary to solve the diffusion equation subject to the 
boundary conditions, Equations 93 and 94. It is convenient 
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to introduce the equations of motion and its boundary condi­
tions at this point of the discussion. The full boundary 
value problem becomes after substitution of Equation 93 into 
Equation 94: 
o < % < < y < g 
^ ' (Eq. 95) 
ro i^ly->0" " D(^)y-^0" 
(Eq. 96) 
Jt = ~ ivP + "p V2S (Eq. 97) 
CTyy| y-»o =—g (Eq. 98) 
dx 
axy|y-»0" = Ke 1^- . (Eq. 99) 
Equation 99 deserves some discussion. Basic assumption ill) 
implies that the surface viscosity parameter k^ in Equation 
60 of the previous section should be very small. It is 
taken to be zero. The remaining term contributing to the 
RT 
C 
(^ V< 
rdC1 
l
"5T y-*o" 
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force balance across an element of surface area must reflect 
the thermodynamic compressibility of the film. The thermo­
dynamic compressibility of a surface film is defined by 
d 1 BA , d log A 
° = ~ A "CFTT = 
By definition 
fM 
and with area considered as the independent variable, 
keeping n constant, we have 
d log P = - d log A 
so that 
e = - 8 a?sP = - jr If- . (Eq. 100) 
Using an approach based on thermodynamics, Levich (29) 
derived the following relation for the surface component of 
the stress tensor. 
oxy|y-»Q- = - ^  . (Eq. 101 ) 
o 
Eq is identified as the "Two dimensional compressibility 
modulus of the film"; v is identical to our P. We note then 
60 
that 
E 
Ke = - fr • (Eq. 102) 
I o 
In this case, K might be identified as + p1— . However, 
e p ro 
the point is that Kg will be constant over the frequency 
range investigated and it will be proportional to the 
thermodynamic film compressibility. Relaxation frequencies 
for water dipole or heptanolc acid dipole reorientation lie 
orders of magnitude above the high frequency limit of the 
present instrumentation. 
Equation 97 has the following solution (Equations 51 
and 52 of the previous section): 
* 
u = = [- ikQ exp(ky) - Gm exp (my)] exp i (kx - cut) 
(Eq. 103) 
= = ClkG exp (my) - kQ exp(ky)] exp i(kx - cut) 
(Eq. 104) 
v 
where 
m2 = k2 - ^  (Eq. 105) 
and k = k + ice, with k as the propagation constant and a as 
the damping coefficient. 
6l 
We seek a solution to Equations 95 and 96 having the 
following form: 
C 1 = B*f (y) .exp i (kx - out ) 
Substituting this equation into Equation 95, we find 
- iwBf(y) exp i(kx - wt) 
= D[- k2Bf(y) + Bf ' 1 (y) ] exp i(kx - cut) 
Rearranging yields 
f'1(y) - (k2 - i^) f(y) = 0 
The solution having the property lim f(y) = 0 is 
y-* - 00 
f(y) = B exp(k2 - ~)2 y . 
1 
D 
The expression for the concentration change at any point in 
the solution becomes 
C1 •= B exp ( k2 - -g^)2 7 exp i (kx - cut) . (Eq. 106) 
Next, the constant B must be determined by substitution 
into Equation 96: 
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âu1"5 = i/ysdKe + on) - c(k2 - i^ )2 B 
so that 
i/7k(ikQ + Gm) 
B = (Eq. 107) 
=(k2 - lg)2 - S -s^ -
° (T#V„ 
then 
if1 k(ikQ + Gm) ? 1 
C 1 = j exp(k - i-g) y exp 1 (kx - out) 
D(i£2 -1»)' - m 
°  ( ? / f ( E q .  1 0 8 )  
7 o 
Equation 93 then becomes 
RT ^ iPok(ikQ + Gm) exp i(kx - cut) 
P ' = C~ -^T 1 
(TTr)- D(k2 - i^ 2 - Sî 
" C7 "~5m~ 
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k 
P —(Gm + ikQ) exp i (kx - out) 
° t • (Eq. 109) 
C D an 
The stress tensor component, axy Q-, is now written as 
_ „ k2 
- iKe "o — (Gm + ikQ) exp i(kx - out) 
Xy
'
y
"° i + &) r te2 - # 
' ' o 
n ^  Ke "Q — (kQ - iGm) exp i (kx - wt) 
1 + 1 R& (-2 " 
o 
(Eq. 110) 
An independent expression for the stress tensor component 
CTxy is given by Equation 69 of the previous section. 
Equating, we find that 
(kQ - iGm) 
^o ï ) 1 [1 + 1 ife (yf (~2 ~ 1 
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= - JJL[ (m + le )G + 2ik Q] 
Thus 
{ + 2i|_ik^  y Q 
s/0 = 
n CD ôù -
'-1 + 1RTœ(Tr"^ PQ 
1 
i£)2] 
+ j|-i(m2 + k2) — 1 G = 0 . 
(Eq. 111) 
From Equation 72 of the previous section, we have that 
2 is3 Yk3 
[- 2|ik + i(tup - -jjj— )]Q + L- —— + 12|-ikm]G = 0 . (Eq. 112) 
The constants Q and C will be eliminated by the arguments 
developed in the previous section. ^ 
We note that the quantity (k2 - i^)2 appears i 
Equation 111. We use the following representation : 
k2 - i^ = k2 - a2 + i(2ka - |j) 
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= r1 exp(i61) 
where 
J rn = /(k2 - a2)2 + (2k - ^ )2 
2ka - ^  
tan6 = -p ^ (Eq. 113) 
1 k - a 
so that 
(k2 - i-^)^ = exp(i-|i) = r 2^(cos + i sin ~) 
(Eq. 114) 
Rather than go through the considerable labor of ex­
panding Equations 111 and 112 into real and imaginary parts 
using Equations 105 and 114 and the definition of the complex 
wave number, k, we make a number of assumptions about the 
magnitude of various quantities. (-^)n, which is experi-
_ O 
mentally of the order of (5x10 ) , is to be considered 
small compared to one for n > 1. This approximation implies 
that we can again take 
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k 
k 1 + ^ 
k2 
7 - 1  +  2 1<t> 
-
3 a 
--5=1 + 31 y . (Eq. 115) 
Consider the approximation valid for Equation 114: 
l t a n 6 i |  >  I  2AK " = U. -k2 « I k k2D 
In the most unfavorable case, we have that JtanB^j > 103. 
Since 2ak - < 0, and k2 > 0, we have that 0^ = - This 
implies that 
(k2 - i^)2 = (|p)2[i - i] 
•J7* - i-0 . (Eq. 116) 
Referring to Equation 78 of the previous section we write 
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m = [1 - i] . (Eq. 117) 
We wish to introduce a set of dimensionless groups : 
zi -ï 
Z3 " ^  Ke - V5 
z4 = y£ 
z, = pw 
5 
~ 2nk2 
Z 6 = 5  =  2 Z 5 Z 4  
CD du j——I 
z7 = RT~ (yfr)poV 2ÔÛD ' (Eq- 118) 
We note that Zg is not independent. .However if the Kelvin 
equation is obeyed for capillary ripples then Zg = l; again 
Zg serves as a reminder for us to note terms that simplify 
under this assumption. This set differs from the groups 
listed in the previous section only in that is missing 
and Zrj is added to carry the diffusion terms. With these 
definitions in mind, Equations 115 and 117 become: 
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k 
k = 1 + lzi 
(%)2 = i + 212^  
k _ 
= 1 + 3iZi 
g = Z5Cl - i] . (Eq. 119) 
Substituting these approximations into Equation 111 and 
3 dividing through by k , we have: 
{ V  -  *  ^  •  
Multiplying through by y gives the result : 
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+ j\[(£)2+ (|)2] 
iZ ] 
(1 + Zy)2 + (Z^ )2 
0 
We notice that this last equation is dimensionless. We 
also see that 
(2)2 + C)2 = 2(=)2 _ i.PW 
% k' - 2^ 
= 2 + i[4Zn - 2Z2 ] . 1 5 
so that 
ç Z (1 + 3iZn )[(1 + Z ) - iZ ] 1 
i (1 + Z7)2+(Z> + 21Z^(1 + 21Z1)] 9' 
+ j 2Z4 + i[4Z1Z4 - 2Z2Z43 
Z (1 + 2iZ )Z [l + i][(l + Z ) - iZ„] 
_2 ±— p 1— f G = 0 
( 1  + Z ) 2  +  ( z  ) 2  
I 
!" 
Multiplying the complex terms together and collecting into 
real and imaginary parts, we find: 
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z3Ci + z?(i + 3Z1)] 
(1 + 2^ )2 + (2^ )2 ] 
+ i [ Z3[3Z1(1 + z?) - z?] (l + 2y) + (Zj) 2 n2— + 2Z4 V Q 
+ 
Z^ (l _ 2Z^  + 2Zy) 
(1 + Zrj) + (Z?) 2 /„ \2~ + 2Z4 ] 
+ i [-
Z3Z5(.2Z1 + 4z1z? + 1) 
(1 + Zy)2 + (Zy)2 
+ 4z^ z^  - 2Z^ Z^  ] G = 0 (Eq. 120) 
Equation 112, as shown in the previous section, transforms 
to the dlmensionless equation: 
[(3Z^ - 2Z^) + i(Zg - 4Z^ - 1)] Q 
+ [(2Z^(1 _ Z^) _ 1) + 1(2Z^(1 + Z^) - 3Z^)] G = 0 . 
(Eq. 121) 
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Recalling the form of Equation 83 in the previous section we 
have that 
z (1 + z (1 + 3ZJ) 
a-,, = 4Zn Z 
11 - (1 + + (Z^)2 ""14 
z (3Z.(1 + z ) - z ) 
bl1 = (1 + z7)2 + (z 7)2 + 2Z/i 
Z Z_(2Z _ 1  -  2Z )  
ai2 = (1 + Z7)2 + (z7)2 + 224 
Z_Zt-(2Z1 + 4Z,Z„ + l) . 
bl2 
" (1 + z7)2 +.(z7)2 + 4Z]-Z4 ~ Zg 
&21 = 3%l - 2%4 
b2l - z6 " 4ziz4 " 1 
a22 ~ 2Z4Z5 (l " Z]_) ~ 1 
%22 = 2%4Z5(1 + - 3%1 (Eq. 122) 
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The discussion in the previous section centering around 
Equations 8l and 82 applies to the situation expressed in 
Equations 30 and 31. The numerical procedures used to -
calculate the'damping coefficient, a, through the calcula­
tion of Z1, are given in the next section. 
We wish to point out that the fundamental idea of the 
diffusion control theory, the functional form expressing the 
assumption of equilibrium between the subsurface layer and 
surface layer, was due to Levich (29). Our point of view 
was somewhat different; we solved the problem for forced 
wave motion, k = k + ia, while he viewed the problem in 
terms of free oscillations, UJ = g ± iuu. Our use of dlmen­
sionless groups is original. 
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EXPERIMENTAL 
The instrumentation for the measurement of surface 
viscoelastic phenomena has passed through two distinct 
phases in this laboratory. We first built a recording sur­
face balance of the Langmuir type along with the associated 
constant temperature chamber. We subsequently designed and 
built the various components of the ripple generator and 
receiver. In this section we will describe the automatic 
recording surface balance, the air thermostat, the ripple 
generator, and the ripple receiving instrument. We will 
also discuss the form of the data collected in measuring 
the propagation constants of capillary ripples, and the 
data processing necessary to obtain propagation velocity and 
attenuation coefficient dispersion curves. 
Automatic Surface Balance 
The prototype of the automatic surface balance now in 
use in our laboratory was described in a recent paper by 
Mann and Hansen (30). While the operation principles remain 
unchanged, we have modified many of the details of that 
first balance. Figure 3 is a labeled photograph of the 
present surface balance and associated equipment. 
Figure 3. View of surface balance and ripple analyzer 
1. Teflon trough 
2. Teflon moving barrier mounted on transport system 
3. Receiving and sending probes positioned for use 
4. Micromanipulator 
5. Torsion balance 
6. Dexion frame supporting sending probe 
7. Base plate on top of rubber strips for vibration control 
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The trough 
The trough was made of a single piece of milled teflon 
with dimensions roughly 2.5 cm x 18 cm x 70 cm. A channel 
was milled around the sides of a teflon slab to allow firm 
clamping of the slab to a -g-inch brass plate. Low walls 
were soldered to the edge of the base plate to hold solu­
tions spilled from the trough during surface sweeping opera­
tions. The trough height and level were adjusted with three 
pointed bolts turning through drilled and tapped brass 
blocks soft soldered to the ends of the base plate to form a 
triangular support. The teflon slab, clamped to the base 
plate, was then milled to form a 1.5 cm deep trough with 
side walls approximately 1.3 cm thick. The trough was re­
leased from the base plate by loosening screws which clamped 
brass strips between the base plate and the slot milled 
around the sides of the teflon trough. The trough alone was 
cleaned by immersion in a hot, 1:1 mixture of HNO^ and H^SO^. 
When the trough was clean, the water contact angle was 
greater than 90° and the hot HNO^ - mixture would not 
wet the teflon. 
The torsion balance 
The film pressure sensing device, the "torsion balance,rr 
is shown in Figure 4. A teflon float, labeled 1 in Figure 4, 
was coupled to the torsion wire, 2, by a three pronged fork 
Figure 4. Torsion balance 
1. Teflon float 
2. Torsion wire 
3. Fork coupling barrier to torsion balance 
4. LVDT core is attached to end of this bar 
5. LVDT 
6. Calibration arm of Tee 
7. Calibration weight hook 
8. One of two teflon ribbons 
9. Teflon side pieces 
10. Platinum wire barrier supports 
11. Relief milled shoulders to fit trough 
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arrangement, 3- The prongs of the fork were cut from plati­
num wire and soldered to the brass cross-bar. A bar, 4, 
perpendicular to the fork and the float at the torsion wire 
was coupled to the core of a 0.033 inch travel Linear Vari­
able Differential Transformer (LVDT), 5, manufactured by the 
Schaevitz Co. A force perpendicular to the float was re­
sisted by thé torsion wire so that the float, displacement 
was directly proportional to the magnitude of the force. 
Float movement caused a displacement of the LVDT core which 
changed .the level of the output from the LVDT secondary 
coils by an amount proportional to the displacement of the 
float. The A.C. output from the LVDT secondary coil was 
then rectified and read out on the y axis of an x - y 
recorder. The recorder pen displacement was calibrated in 
terms of the force acting on one centimeter of the barrier. 
The third arm of the Tee, 6, was designed to expedite the 
calibration procedure. Since the distances from the float, 
1, to the torsion wire, 2, and from the torsion wire, 2, to 
the calibration weight hook, 7, were known, and in fact 
equal, weights hung from this hook represented forces 
applied against the barrier. The recorder span was adjusted 
so that convenient chart increments would correspond to 10, 
20, . . . dynes/cm as calculated from 
F = (98Q.5)m (Eq. l) 
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where F is the force'applied per centimeter of equivalent 
barrier length, m is the mass of the calibration weight and 
L is the equivalent length of the barrier. The barrier was 
attached to the sides of the torsion head by two 3 mil teflon 
ribbons, 8, cut from teflon standard taper sleeves. The 
ribbons were attached to the thicker teflon parts by first 
carefully slitting the teflon barrier and the teflon side 
pieces, 9, with a thin razor blade. The very narrow slots 
were then carefully held open just wide enough to allow the 
teflon ribbon to be slipped into place. When released, the 
teflon slot clamped down on the ribbon; the seal formed was 
impervious to monolayer leakage. The small teflon side 
pieces holding the teflon ribbons to the sides of the torsion 
balance could be released so that this whole assembly (teflon 
side pieces, ribbons, and float) could be cleaned together 
in a hot HNO^ - H^SO^ bath and reassembled without separating 
the teflon parts. Before the torsion balance was removed 
from the trough, two heavy guage platinum wires, 10, were 
lowered to support the barrier. 
In use, the torsion balance was lowered close to one 
l'A correction must be added to L to allow for the 
presence of ribbons connecting the float to the trough side. 
In our case, L = 1^ + iflg. 1^ is the length of the barrier, 
and 1 is the total distance between the barrier and the 
trough sides. 
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end of the trough; the relief milled shoulders, 11, of the 
brass side pieces rode on the trough edges. The separation 
of the two brass side pieces was adjusted so that the small 
teflon side pieces were held tightly to the teflon trough 
forming a seal impervious to monolayer flow. The torsion 
balance was placed on the trough so that the pressure sensing 
barrier was roughly 10 cm from the end of the trough. 
The torsion balance transducer circuit is shown in 
Figure 5- The primary coil was excited by 4.2 volts 60 cps 
alternating current. The LVDT used was rated at 6.3 volts 
A.C.; we used a lower excitation voltage for calibration 
convenience. The output from the transducer circuit was led 
directly to a Moseley.Autograf model 2S x-y recorder. The 
recorder sensitivity was adjusted to give a convenient y 
axis span, e.g., 5 d/cm per inch of chart paper was often a 
convenient sensitivity. The response of the pressure 
measuring circuit was linear to within the linearity speci­
fications of the LVDT (better than 1%). 
The barrier advance mechanism 
The piston barrier advance mechanism, Figure 6, Con­
's ' 
sisted of a tempered -g-inch steel rod, labeled 1 in Figure 6, 
on which a linear travel ball bushing could run. The 
Thompson ball bushing was forced into a brass, hexagonally 
cut block l-§ in. x 1^ in. x 1^ in., 2. This assembly was 
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Figure 5. LVDT demodulation circuit 
Figure 6. Barrier transport mechanism 
1. 3/8" steel rod 
2. Thompson ball bushing assembly 
3. Lead screw 
4.  Lead screw - bushing assembly 
5. Aluminum L bar to carry teflon barrier 
6. Bodine motor working into simple gear train 
7. Worm gear coupling of lead screw to hellpot 
8. Hellpot 
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placed on the tempered rod which had been polished to allow 
free movement of the bushing. A lead screw, 3, parallel to 
the tempered rod was installed through bushings at either 
end of the brass supporting structure just below the steel 
rod. A small, drilled and tapped brass block, 4, was placed 
on the lead screw and coupled to the brass block running on 
the tempered rod. Rotation of the lead screw caused the 
barrier support block to run smoothly over the tempered 
steel rod. An aluminum L bar, 5, was attached by a wing nut 
to the brass barrier support block. The long member, of the 
L bar extended out over the trough and carried a teflon 
strip which could be adjusted to span the water surface and 
the trough edges. The lead screw driven by a geared, re­
versible Bodine motor, 6, moved the teflon strip back and 
forth over the trough. An assortment of gears and motors 
allowed a number of barrier velocities in the range of 
0.6 to 0.05 . The lead screw was coupled by worm 
sec mm 
gear reduction, 7, to a 10 turn Hellpot, 8. When the 
potentiometer was included in a battery circuit, the output 
of the hellpot was directly proportional to the barrier 
position on the trough. The barrier circuit is shown in 
Figure J. Provisions were made for zero suppression, 
sensitivity adjustment, and calibration. The Hellpot cali­
bration potentiometer was adjusted with a Duodial so that 
the dial setting was proportional to the barrier position. 
Figure 7. Barrier transport circuit 
P, - Helipot (IK) coupled to barrier 
transport mechanism 
Pg - Zero adjust Helipot (IK) 
Pg - Range adjust Helipot (IK) 
P^ - Reference Helipot (IK) 
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The calibration potentiometer allowed us to adjust the 
sensitivity of the circuit coupled directly to the x-axis of 
the recorder without running the barrier through numerous 
cycles across the trough. 
The film balance operation sequence 
The sequence of events in order to operate the auto­
matic film balance was as follows : 
1. The substrate was added to the trough until the 
liquid meniscus was above the edges of the teflon 
trough. 
2. The surface was swept four or five times with a 
teflon bar being sure that liquid was carried over 
the end of the trough during each sweep. 
3. The surface was allowed to quiet for roughly thirty 
seconds before the balance head was placed on the 
trough. 
4. The teflon ribbon retainers were checked to be sure 
of a tight fit against the inner trough walls. 
5. The platinum barrier supports were swung up out of 
the water releasing the barrier to float on the 
water surface. 
6. The teflon pressure sensing barrier and ribbons 
were checked to insure that the trough solution was 
not wetting them. 
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7. The LVDT circuit was activated, and calibrated by-
hanging weights on the arm opposite to the arm 
carrying the LVDT core. The recorder or LVDT span 
circuit was adjusted to give a convenient sensi­
tivity, usually 5 d/cm per inch of pen displacement. 
8. The sweep barrier was brought in close, approxi­
mately 1 cm, to the sensing barrier in order to 
check for surface contamination. If the trough and 
barrier had just been cleaned and assembled, con­
tamination occurred at a rate of roughly one d/cm 
per hour in terms of compression to a barrier 
separation of 1 cm. Contamination occurred at a 
faster rate if the trough was not closed up in the 
air thermostat or if several monolayers had been 
previously run. If the rate of contamination be-
• came too high, say one d/cm per minute in terms of 
compression to the 1 cm barrier separation, the 
trough was disassembled and cleaned in hot one-to-
one nitric acid-sulfuric acid mixtures. 
9- The monolayer was next spread from a petroleum 
ether or benzene solution delivered to the surface 
by 100 -500 micropipets. The merits of the two 
solvents will not be argued here. LaMer (31) has 
discussed this aspect recently. We have found 
that low boiling petroleum ether gave reproducible 
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results with long chain fatty acid and alcohol 
systems. The area per molecule calculation was 
made using the following.formula 
n / A°2 \ _ Area of trough (cm2) x 10^ 
\Molecule' ~ Molecules of surfactant in the surface 
wSghtlaI>x teoughlcm) * 
1 ftf, x 1 0 v um/ 
Cpncentration ^].ume of solution 
(^j) delivered (ml) 
(Eq. 2) 
10. Several minutes were allowed to pass before com­
pression was begun. Although most of the solvent 
had evaporated before the first compression cycle, 
the initial compression curve was usually somewhat 
distorted. After the first several compression-
expansion cycles, the n-A curves reproduced quite 
well. 
The surface balance will easily detect changes in TT of 
0.1 d/cm. It was fairly easy to increase the sensitivity to 
allow detection of changes in TT of 0.01 d/cm although such a 
high sensitivity was seldom employed. With the present 
barrier transport mechanism, we can easily see separation 
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changes of 0.1 Ao2/molecule. Mechanical backlash was small 
amounting to approximately ±0.1 Ao2/molecule. 
Ripple Instrumentation 
Figures 3, 8 and 9 present a block diagram and photo­
graphs of the ripple analyzer built in this laboratory. The 
ripple apparatus employs a new, non-optical, detection 
technique; the forces generated by ripples impinging on the 
sensing probe are coupled to a piezoelectric transducer, a 
crystal phonograph cartridge in our case, which presents 
(for amplification and display) a signal proportional to the 
acceleration of the surface. For sinusoidal waves, the 
signal is directly proportional to the surface displacement. 
We have found that two items of information must be dis­
played at any given frequency and probe separation, viz., 
the phase angle relationship between the ripple generator 
and the sensing probe, and the amplitude of the signal seen 
by the sensing probe. 
The ripple generator 
The ripple generator was an electro-mechanical trans­
ducer, essentially a highly modified audio speaker, Figure 
10. The magnet, designated by 1 in Figure 10, was a small, 
2-g inch, military voice speaker of conventional design. The 
manufacturer of the speaker used in our system is unknown. 
FREQUENCY 
COUNTER 
OSCILLATOR POWER 
AMPLIFIER 
FILTER 
SPEAKER 
H 
Figure 8. Ripple analyzer block diagram 
I FILTER I 
AMPLIFIER 
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Figure 9. Photograph of the apparatus closed for operation 
1. Air thermostat 
2. Access port to interior of air thermostat 
3. LVDT demodulation circuit 
4-. Matched filter circuit 
5. Null detector - probe separation circuit 
6. A.C. V.T.V.M. to monitor speaker coil signal 
7. Barrier motor controls 
8. A.C. V.T.V.M. to monitor receiving probe output 
9. DuMont oscilloscope for phase display 
10. Barrier and probe separation circuits 
11. Frequency counter 
12. Frequency standard oscillator 
13. Working oscillator 
14. Autograph x-y recorder 
'iÈtàiik 
Figure 10. Ripple generator 
1. Speaker magnet 
2. Voice coil 
3. Piston 
4. Tee bar 
5. Tee bar clamp 
6. One of two flexible rubber washers 
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The voice coil, 2, was firmly attached, by an epoxy resin, to 
a piston, 3. The Tee bar, 4, actually producing the ripples 
was coupled to the piston by a wing nut clamping arrangement, 
5. The Tee bar was easily released so that height and angu­
lar position could be adjusted. The thin hollow tube acting 
as a piston was supported by two pieces of flexible rubber 
sheet washers, 6. The voice coil was excited by the output 
from a 25 watt Heathkit power amplified fed by a Hewlett 
Packard model 200 JR audio oscillator. The signal level 
into the voice coil was monitored by a Hewlett Packard 400H 
A.C. vacuum tube voltmeter. The signal output from the 
voltmeter passed through a filter circuit and then was led 
to the x-axis input of the oscilloscope. The frequency 
range covered extended from 30 cps to 2,000 cps. A Computer 
Measurements Co. model 225C counter or a Hewlett Packard 
model 100 ER frequency standard oscillator was used to 
measure frequency to ± 0.1 cycle per second or better. Un­
fortunately the mass of the Tee bar was sufficiently great 
so that under the circumstances of the measurement the 
mechanical impedance of the system was mass controlled. 
This implies that the amplitude attenuates as The Tee 
CJU 
bar amplitude at constant power input rapidly decreased with 
frequency beyond roughly 300 cps. 
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Ripple receiving transducer 
The ripple sensing device, designated by 1 in Figure 
11, was a phonograph crystal cartridge, designated N4-3, 
made by Astatic Inc. The cartridge was designed for 
resonance free response in the range of 50 cps to 5,000 cps. 
The crystal cartridge was mounted on a micromanipulator 
distributed by Brinkman, Inc. The mounting arm, 2, was 
arranged so that the orientation of the cartridge with re­
spect to the micromanipulator could be adjusted and then 
firmly clamped. The micromanipulator had 10:1 planetary 
gear attachments on each of the three axis movements. It 
was possible to move the cartridge over the surface pre­
cisely positioning it with respect to the sending Tee bar 
and with respect to the water surface. The receiving probe 
was initially a Tee constructed from 30 mil copper wire. 
The shank of the Tee was fitted into the screw clamp well 
on the crystal cartridge in place of the usual phonograph 
needle. Any vibration of the Tee bar was transmitted to the 
sodium potassium tartrate piezoelectric wafer enclosed in 
the cartridge. The voltage out of the crystal was first 
amplified by a Tektronix low level preamplifier. The fil-
• tered output from the preamplifier was fed into the y-axis 
of the oscilloscope and into a second 400H Hewlett Packard 
A.C. vacuum tube voltmeter. The filter circuits will be 
described later. The oscilloscope displayed the phase 
Figure 11. Ripple receiving transducer 
1. Phonograph cartridge 
2. Mounting arm 
3. Helipot coupled through gears to micromanipulator control 
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relationship between the sending and receiving probes while 
the voltmeters measured the amplitudes of the vibrating 
probes. 
During the initial phase of the experimental effort, we . 
were interested in establishing whether the receiving probe 
was responding only to surface disturbances or whether 
mechanical coupling was also occurring through the aqueous 
substrate or through the air. The probe response was 
studied as a function of vertical displacement. Capillary 
ripples were generated on a swept water surface at some con­
venient frequency such as 300 cps. The receiving probe was 
placed so that the sending and receiving Tee bars were 
parallel. The receiving probe could be moved in three 
mutually perpendicular directions by use of the micromanipu­
lator. The probes were separated about cm and then the 
output from the crystal cartridge was. recorded as a function 
of displacement from the surface, Figure 12. A rapid in­
crease in signal occurred when the probe just touched the 
water surface, and a rapid decrease in signal occurred when 
the probe broke through the surface. Bringing the probe 
back into the surface region produced the same results; the 
signal from the probe increased rapidly when the probe just 
reached the surface and decreased rapidly when the probe 
broke through the surface into the air. This experiment 
showed conclusively that the signal was caused by surface 
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Figure 12. Dependence of receiving probe output on vertical location of the 
receiving Tee bar 
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disturbances. 
A difficult aspect of the experimental technique was 
the measurement of probe separation. The micromanipulator 
had vernier scales on each axis allowing measurement of 
probe displacement to 0.01 cm. To measure the ripple wave 
lengths directly, the probe separation must be established 
to at least 0.001 cm. It turned out that coupling a 10 turn 
100 K Helipot, 3, through gears to the course adjustment on 
the x axis of the micromanipulator allowed one to establish 
the magnitude of probe displacements to the required pre­
cision. The potentiometer was hooked into the circuit shown 
in Figure 13. Mercury dry cells were used for current 
sources and a Kintel, model 203, high impedance microvolt-
meter was used to establish the null. A high resistance 
potentiometer was used since the resolution of a wire-wound 
potentiometer increases with the number of turns of wire on 
the slide wire helix. Using the circuit with the microvolt-
meter on the one millivolt range presented the greatest 
useable resolving power. The resolution under these con­
ditions was about ± 0.0004 cm. It should be noted that the 
Helipot could have been put into a bridge circuit; however, 
the double potentiometer circuit shown in Figure 13 was 
easy to build and with mercury batteries as current sources 
proved to be very stable. 
The calibration of the probe separation circuit was 
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Figure 13. Probe separation circuit 
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fortunately easy. The..scale on the x axis movement was com­
pared to the scale on a Cambridge measuring machine. They 
were found to agree to within 0.0001 cm. Viewing the scale,-
replaced on the micromanipulator, through a low power micro­
scope allowed us to calibrate the probe separation circuit 
reproducibility to within ± 0.0004 cm; The range + pot 
settings were nearly linear with probe separation; the 
deviations from linearity did not exceed ±0.1$ and could be 
easily corrected with the use of a correction graph prepared 
from the calibration data. 
A number of different Tee designs were tried. A satis­
factory arrangement appeared to consist of a razor blade 
soft soldered to a short piece of high temperature silver 
solder. Since the needle well on the phonograph cartridge 
was angled, the blade was soldered to the shank at an angle 
so that the cutting edge would be parallel and the blade 
perpendicular to the water surface. As in the case of the 
generator probe, the mass of the probe should be minimized. 
,rThin Gillette" blades were used at first with this point in 
mind; however, they would tend to distort under the heat of 
soldering. The single edge laboratory razor blade was 
finally used. Several probes were made that remained undis-
torted even with soft soldering. The blades were flat to 
within 25 microns. The blades were always coated with a 
thin layer of paraffin to render them hydrophobic. In use 
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the blade could be brought down to touch the monolayers 
without radically disturbing the film. The vertical posi­
tion of the blade was easily kept constant relative to the 
surface by watching light reflected from surface regions 
near the blade and adjusting the trough water level or probe 
height until no meniscus was visible close to the blade. 
Pick-up noise was .minimized- by carefully shielding the 
leads from the crystal cartridge to the preamplifier, low 
noise Amphenol RG-62/u coaxial cable was used. All instru­
ments used in this study were eventually grounded through a 
grounding system available in the laboratory and supposedly 
independent of the main grounding system. Even 'with very 
careful grounding of the carefully shielded high impedance, 
circuits, stray pick-up from two sources proved very 
irritating. Degassing of ion vacuum guages located in the 
same room produced large amounts of white noise amply re­
ceived and amplified by the probe circuit. Fortunately, the 
degassing procedure was intermittent and so easily scheduled. 
Much more irritating was the fact that an induction furnace 
converter on the floor below, some 25 to 50 yards away, 
broadcasted white noise amply received and amplified by our 
system. Attempts to eliminate this source of noise were not 
profitable. Fortunately, operation scheduling to our mutual 
satisfaction attenuated the problem. Building vibration was 
always a source of noise in these experiments. Sharp noises, 
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overly loud conversations, resonant voices and other such 
laboratory sound sources induced noise levels which could 
reduce the signal-to-noise ratio to unmanageable levels. 
Measures taken to combat these problems will be discussed 
later in This Thesis. 
Air thermostat 
For the purposes of temperature, contamination, vibra­
tion and sonic noise control, the sending and receiving 
probe mechanisms and the film balance were mounted in a 
constant temperature air bath, approximately 5 ft. x 3 ft. x 
2-g- ft. The air bath, partially shown in Figure 9 and desig­
nated by 1, looked much like a deep freeze unit placed on 
its side and oriented so that the door could open out. The 
unit was constructed from galvanized sheet metal. The space 
left between the inner walls of the chamber and the outer 
walls, roughly 4 in,, was insulated with Styrofoam .packing. 
Copper tubing was soldered to the walls of the inside 
chamber so that water from a constant temperature bath could 
be circulated exchanging heat with the inner chamber. Two 
types of front doors were used during this research. In 
common., they provided for circulation of the constant tem­
perature bath water through the door region. One set of 
doors was made from plexiglass pieces cemented and firmly 
screwed together so that a water tight annular space was 
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formed. Temperature controlled water was circulated through 
this annular space. Two of these doors were required to 
span the open front of the air bath. The doors were too 
heavy to hinge; instead they were allowed to rest on weather 
stripping glued to the front edge of the inner chamber. 
Twelve spring clamps held the doors in place against the 
weather stripping. The chamber when "buttoned up" was 
fairly gas tight. The only air leaks occurred around the 
two 1 in. diameter electrical lead-through ports. While the 
plexiglass doors had the advantage that they afforded an 
interior view, they were heavy and hard to maneuver. The 
second set of doors was made from galvanized sheet metal 
with copper tubing soldered to the inner wall panel. The 
annular space between the inner and outer walls of the door 
was filled with insulation. A section of this door, 
29 in. x 5 In. x if in., could be independently removed to 
allow observation and manipulation of equipment in the 
chamber. The door was held in place with the 12 previously 
mentioned spring clamps. At 25°G, the temperature was con­
trolled to ± 0.05°C. A small fan controlled from outside 
the chamber circulated the air destroying thermal gradients. 
The fan had to be turned off during ripple measurements. 
Vibration control 
A very important concern was the isolation of the 
apparatus from building vibration. Building decoupling was 
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never completely successful; however, the noise generated 
at the receiving probe due to building vibration was mini­
mized by the following steps: 
i) Several layers of £ in. rubber sheet were placed 
under a soap stone 5 ft. x 3 ft. x 3 in. The air 
thermostat was supported at the four corners on 
this soap stone by four damped spring shock mounts 
(Korfund, Type LO-A32). The floor of the inner 
chamber of the air thermostat was covered with £ in. 
rubber strips, 1 in. wide. A flat piece of boiler 
plate 37 in. x 16 in. x in. was placed on these 
rubber strips. The micromanipulator and surface 
balance were mounted on this plate, see Figure 3. 
The sending probe was mounted on a Dexlon structure 
built over but separated from the steel plate and 
isolated from the chamber floor by 1 in. x 1 in. x 
£ in. rubber squares. The tripod support screws 
for the teflon trough ride in three shallow depres­
sions punched in the steel plate at appropriate 
positions. The barrier sweep mechanism was posi­
tioned behind the trough slightly beyond the edge 
of the steel plate on rubber supports. 
ii) Lint free wet towels were hung from the Dexlon 
supporting structure close to the inner walls. A 
piece of acoustic damping composition board was 
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placed across one end of the trough. These pre­
cautions appeared to decrease the noise level by a 
factor of approximately 5. 
ill) Matched filter circuits were built to filter out 
selectively 60 cps and 20 cps noise, Figure 14. A 
matched pair of high pass filters was also included 
in the circuit. The 3 db point for this filter 
pair was 240 cps. The filters were placed in the 
circuit symmetrically with respect to the x and y 
axis of the oscilloscope, see Figure 8. Thus even 
though the signal passing through the filter from 
the preamplifier side would suffer phase changes as 
the frequency was brought close to the maximum 
reject region, the phase shift was exactly matched 
by the other member of the filter pair placed in 
the circuit between the oscilloscope and the 
speaker coils. Switching allowed the six filters 
to be by-passed or not in any desired combination. 
The filter circuits were vitally needed above 
roughly 300 cps. 
Initial steps in operation of the apparatus 
The sequence of operations for measuring capillary 
ripple propagation parameters include : 
i) The trough was lowered so that neither probe was in 
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Figure 14. High pass and peaked filter circuits 
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the water surface. 
11) The surface was swept to clean off possible surface 
contamination. In the case of insoluble monolayers, 
the monolayer was spread from a solution of benzene 
or low boiling petroleum ether. Initial force-area 
curves were determined to check film characteristics. 
The surface pressure was reduced from roughly 10 
d/cm to the lowest surface pressure which would 
still ensure a continuous film. This pressure was 
roughly 0.3 d/cm in the case of films such as that 
formed by stearic acid. 
ill) The trough was then carefully raised by turning in 
the three trough support bolts until the sending 
bar just contacted the surface. The receiving 
probe was then positioned and lowered to the sur­
face for the actual measurement of the propagation 
parameters. 
The propagation parameters of interest were the phase 
velocity as a function of frequency and the wave damping 
coefficient as a function of frequency. Several techniques 
were available for each case. We could measure propagation 
velocity either by directly measuring the wave length at 
known frequencies or else by keeping the probe separation 
constant and finding all frequencies for which there were 
half-integer numbers of waves between the probes. Damping 
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in mechanical systems usually follows an exponential decay 
law and this was found to be so in the case of capillary 
ripples. Before discussing the data collection sequence in 
detail and the errors associated with the present level of 
instrumentation, we believe that a mathematical discussion 
of the wave motion pertaining to our experiments will speed 
understanding of the operational details. 
Calculation of the damping coefficient 
Since the data actually collected were the r.m.s. 
voltage outputs from the receiving probe as a function of 
probe separation at constant frequency, we had to establish 
that, over the frequency range investigated, the r.m.s. 
output from the receiving probe was directly proportional 
to the particle amplitude at the receiving probe. Since the 
waves should follow an exponential damping law, one would 
suppose that the log plot of signal strength with probe, 
separation should be linear with the slope equal to the 
negative of the damping coefficient. This was true if the 
probe separation was sufficiently large (Figure 15); how­
ever, Figure 16 shows that amplitude varied periodically 
with probe separation at small separations. It should be 
obvious that the waves can no longer be considered as 
traveling waves but rather as standing waves. The fact that 
waves are reflected at the receiving probe and again at the 
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Figure 16. Ripple damping at small probe separation 
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sending probe cannot be ignored. The analysis of the wave 
motion closely parallels the analysis of vibration damping 
in stretched polymer filaments. The work of HiHier and 
Kolsky (32) was found to be pertinent. They sketch the 
theory to be presented here. They used real representation 
for the wave motion; we use complex representation for the 
motion. Their wave count vs. probe separation and amplitude 
1 
vs. probe separation data closely parallels our data given 
in Figures 15 and 16. We next proceed to derive the equa­
tions which will allow the calculation of damping coeffi­
cients and propagation parameters from our data. 
Let the driven probe be situated at x = 0 and move 
according to 
Let the receiving probe be situated at x = L and move rela­
tive to the driven probe according to 
The waves propagated along the trough will be reflected at 
X = L and again at X = 0. After a short period of time, 
y(0) = A exp(iwt) (Eq.  3)  
y (L) = B exp i ( tut + 6 ) (Eq. 4) 
^Hillier and Kolsky (.32), figure 5, page 116. 
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steady state conditions will exist such that between the 
probes 
y(x) = jo exp (-ax) exp i (wt - kx) - y1 exp(ax) exp i (cut + 
(Eq. 
will hold and beyond the barrier the waves not reflected 
will be described by 
y2(x) = y g exp (-ax) exp i (u)t - kx) . (Eq. 
We assume that the distance from x = L to the trough edge 
such that 
11m ' y2(x) # lim y?(x) = 0 . (Eq. 
x-> edge - x-»oo 
Hence y^(x) is of no further interest. 
'Specifically for our case, the outgoing wave will be 
given by 
y (x) = y exp (-ax) exp i (cut - kx) 
and the reflected wave by 
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y (x) = -y  r  exp(lcp) exp -a(2L-x) exp 1 (wt-k[2L-x]) 
where 
Complex amplitude of reflected wave _ /. \ 
Complet amplitude of incident wave ~ xp^icp; 
which takes into account not only an amplitude change upon 
reflection but also a phase change, cp. 
Adding y and y will give the displacement y at x; 
y(x) = yQ[exp(-ax)exp i(wt-kx) 
-r exp (icp)exp -a(2L-x)exp i (oot-k(2L-x) ) ] 
For boundary conditions we have 
y (0) = A exp(iout ) = y [l-r exp (icp)exp (-2ocL)exp(-2ikL) ]exp(iout ) 
so that 
y^ = A[l-r exp(icp)exp(-2aL)exp(-2ikL) ]-1 
o 
We also can determine yg in Equation 6 from the condition 
y(L) = y2(L), however this is of no concern here. Thus 
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ACexp(-ax)exp i(œt-kx) 
y(x) _ -r exp(lcp)exp -a(2L-x)exp 1 (nut-k(2L-x) ) ] 
[l-r exp(icp)exp(-2aL)exp(-21kL) ] 
(Eq .  8 )  
The receiving probe signal is proportional to the accelera­
tion of the blade forced into motion by ripples traveling 
down the trough; the probe output will be also proportional 
to the displacement for sinusoidal waves as used in our 
application. Thus at the probe 
= "Â[exp(-aL)exp i(cut-kL)-r exp(icp)exp(-aL)exp i(mt-kL)] 
[l-r exp (icp)exp(-2aL)exp(-2ikL) ] 
where V(L) is the voltage output from the crystal cartridge 
at L cm from the driven probe. Rewriting slightly we have 
that 
V(L) = [l~r exp(icp)I& exp(-aL)exp i(mt-kL) ^ (Eq< 9) 
[l-r exp(icp)exp(-2aL)exp(-2ikL) ] 
From the form of Equation 4, we see that we would like to 
introduce a phase factor into Equation 9. Let us rewrite 
Equation 9 as 
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[l-r exp (lep) ]exp (-ikL) _ 
V(L) = A exp(-aL)exp(iwt ) 
[l-r exp (icp)exp(-2aL)exp (-2ikL) ] 
= CÂ exp ( - aL ) exp ( 1 cut ) . (Eq. 10) 
We Introduce the phase relation between the probes by 
writing the complex constant C as 
C = a+ib = j G | exp(i6) where tan0 = —-
Some algebraic manipulation yields 
coskL[r2 exp(-2aL)+l] -rCexp(-2aL)+l]cos (cp-kl) 
3- — n 
[l-2r exp (-2aL)cos (cp-2kL)+r exp(-4aL) ] 
rCexp(-2aL)-l]sin(cp-kL) + [r2 exp(-2aL)-lIsinkL 
b = P 
Cl-2r exp (-2aL)cos (cp-2kL) +r exp (-4aL) ] 
and so 
r[exp(-2aL)-l]sin(cp-kL) + Cr2 exp(-2aL)-1 IsinkL 
tanG = p 
• [r exp (-2aL)+l]coskL-r[exp(-2aL)+l]cos (cp-kL) 
(Eq. 11) 
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Recalling that 
[l-r exp(icp) ]exp(-ikL) 
C = 
l-r exp(-2aL)exp i(cp-2kL) 
| [l-r exp(icp) lexp(-ikL)J 
/c/ = 
V l-2r exp (-2aL)cos(cp-2kL) +r exp(-4aL) 
So that we have 
c = 
l-2r coscp +r2> exp (16 ) 
/^l-2v exp(-2aL)cos(cp-2kL) -t-r2 exp(-4aL)> 
(Eq. 12) 
where tanG is given by Equation 11. 
The final equation is then 
~k/J l-2r coscp +r2 'exp ( i 8 ) exp (-aL) exp (iwt) 
V ( L )  -
l-2r exp(-2aL)cos(cp-2kL) +r exp(-4aL) 
(Eq.  13)  
with 0 given by Equation 11. 
Let cp = 0, then 
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and 
A (l-r )exp (10 )exp (-aL)exp (iaut ) 
T(L)  -
^l-2r exp(-2aL)cos 2kL+r exp(-4aL) 
(Eq. 14) 
. -rCexp(-2aL)-l]+r exp(-2aL)-l 
tan0 = —g tan kL 
r exp(-2aL)+l-r exp(-2aL)-r 
(l-r)C-r exp(-2aL)-l] 
tan kL 
(l-r)[l-r exp(-2aL)] 
so that 
[r exp(-2aL)+l] 
tan0 = tan kL . (Eq. 15) 
[r exp(-2aL)-l] 
Using K as a constant independent of L, the r.m.s. crystal 
cartridge output will be given by 
TILT " 6XP('aL) , r . (Eq. 16) 
Wl-2r exp(-2aL)cos kL+r^ exp(-4aL) 
We see that if L is sufficiently large, 
V1(L) = K exp(-aL) . (Eq. 17)' 
/ 
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A plot of log^Q^i(L) VS. L should be linear and have a slope 
equal to - g gQg. 
Suppose aL = 2, r ~ 1 (actually r is probably less than 
l). Then 
max(^TLT> = / 1 2 
l-2r exp(-2aL)+r exp(-4aL) 
max(v^Lj ) ~ ÔT9B ~ 1,02 
V-V 
The error is given by — x 100 = ± 2% approximately. Let 
us consider the case for small L and define r = exp(-23) 
then 
K 
! 
y^Eexp 2(aL+0 )-2 cos (2kL)+exp -2(aL+0 ) ] 
V(L) occur when cos(2kL) = ±1 so that 
max,min 
_ K 
V„ov(L) max 
Cexp 2(aL+0)-2 + exp — 2(aL+p)l> 
K 
2 sinh(aL+p) 
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and 
K 
V . (L) = 
min 2 cosh(aL+p) 
Then 
• V . 
tanh(ccL+P ) = „miri 
max 
and 
tanh"1(^H) = aL+g . (Eq. 18) 
max 
Further 
so that 
V j 
v. i + 
tanh 1 = i log — = aL+3 
, "min 
" \iax 
V +V . 
log vmax_vmin = 2aL+2g . (Eq. 19) 
max min 
V +V 
A plot of log,Q max —n vs _ ^ ^ hou!d be linear and have a 
max" min 
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2a 
slope equal to g g Q ^ .  The Intercept should allow for calcu­
lation of r. 
Details of data collection 
As indicated in the previous section, two techniques 
were available for the measurement of the wave propagation 
velocity; either the wave length was measured directly by 
changing the probe separation at constant frequency or else 
the probe separation was held constant and ^ satisfying 
Equation 15, noting that k = — = was collected within 
the frequency range available, 50 cps - 2000 cps. Both of 
these techniques were used. 
Vary L technique To measure the wave length 
directly, we proceeded as follows : 
i) Steps previously described were carried out; see 
the section headed Initial steps in operation of 
the apparatus. 
ii) The oscillator was adjusted to some convenient 
frequency in the range of frequencies studied. 
Precise frequency control was maintained by either 
counting the oscillator output for 10 seconds using 
the Computer Measurements Co. frequency counter or 
"*"We shall use this notation to designate the sequence 
of all v satisfying Equation 15 while keeping the probe 
separation,. L, constant. 
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by beating the working oscillator output against 
the Hewlett Packard frequency standard oscillator. 
In this case, the frequency standard oscillator 
usually proved to be more convenient and precise. 
The Lissajous figures derived from beating the 
working oscillator against the frequency standard 
oscillator allowed us to keep the working frequency 
to within one part per 10,000 during the course of 
the measurement. Power to the speaker was adjusted 
to about 0.1 volt. 
iii) The balanced filter circuits were switched in or 
out of the circuit. In general, it was found that 
all three filters, 20 cps, 60 cps and the high 
pass (3 db point = 240 cps) filter could be used 
to gain advantage in signal to noise ratio for 
frequencies above 400 cps. Below this frequency 
the filters were switched out; the 60 cps filter 
was bypassed below 300 cps, then the 240 cps was 
switched out at 200 cps and finally the 20 cps 
filter was bypassed below roughly 100 cps. The 
two members of the balanced filter circuits were 
matched so closely that even in the region 
approaching maximum attenuation, the phase shift 
introduced into the circuit was small enough to be 
ignored. This point is discussed later. 
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The receiving probe was lowered to the water surface 
using the y axis control of the micromanipulator. 
The signal would immediately increase above noise 
level as the probe contacted the surface. The 
probe separation was initially set between one and 
two centimeters. At this point, the power ampli­
fier output to the speaker coils was adjusted so 
that the detector output was at a satisfactory 
level.. With the probe separation of one centi­
meter, this meant that the amplified detector out­
put was usually between 100 mv and 1000 mv. The 
transducer characteristics were such that the 
amplitude of the sending Tee bar would fall as ^  
(JU 
at constant coil voltage so that at frequencies 
above 1200 cps, the amplified signal from the re­
ceiving probe cartridge was usually below 100 mv 
with the noise level between 3 and 10 mv. The 
working levels just described corresponded to an 
amplitude of less than one micron at the Tee bar. 
The amplitude was always small compared to the wave 
length, i.e., much less than of the wave length. 
Measurement of the sending bar amplitude as a 
function of frequency will be discussed later. 
The probe separation was changed until the 
elliptical Lissajous figure on the oscilloscope 
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formed from beating the signal from the transducer 
against the signal from the receiving probe showed 
that the two signals were inphase. At this probe 
separation, L^, there were n^ waves residing be­
tween the probes. The probe separation was 
decreased (or increased if desired) until the 
Lissajous figure on the oscilloscope again showed 
that the two signals were inphase so that n^ waves 
were zipping across the surface bounded by the 
probes cm apart. Then, referring to Equation 
15, we must have that 
An 
For best precision it was convenient to plot An vs. 
L. The plots were always linear, e.g., see Figure 
17. The inverse of the slope of this plot gave A . 
The frequency was then changed and steps i through 
v repeated. After the first detailed plot of n vs. 
L described in v, much less detailed plots were 
needed to define the wave length at the new fre­
quency. Usually three points were determined. The 
straight line through these three points always 
extrapolated to zero within experimental error. 
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Figure 17. Dependence of wave number on probe separation 
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Constant L technique The second method of deter­
mining wave propagation velocity again depends upon Equation 
15. Holding L constant we see that for 0 = rrn 
^ n 
= n = 2, 3j • • « 
Here n refers to half-integer wave lengths. The condition 
that 0 = nrr holds for certain sets of frequencies symbolized 
by -[vn| . Collecting, in sequence, all frequencies for which 
the Lissajous figures implied that the two probes were either 
exactly inphase or exactly out-of-phase allowed the calcula­
tion of An if L and n were known for any one frequency. We 
next describe the sequence of steps necessary for the col­
lection and interpretation of the { data: 
i, ii, iii) as previously stated were also followed for 
this method of determining velocity dispersion 
curves. 
iv) The run was often initiated at 1000 cps; the 
experimental values of n and L were established at 
this frequency as previously described. The probe 
separation was then adjusted until the Lissajous 
figure showed that the two probes were inphase. 
The probe separation was not changed during the 
rest of the run. 
v) The oscillator was tuned off of 1000 cps, inphase, 
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until a new frequency, say 1050 cps, out-of-phase, 
was reached: this frequency was Vn+^ . Again the 
oscillator was tuned off of 1050 cps to say 1100 
cps, inphase; this frequency was vn+2• The wave 
lengths associated with vn, , vn+2 had to be 
2L 2L 2L 
—, yî+ï> n+2* -Thls Procedure was continued to 
include frequencies lower than 1000 cps. 
Discussion of these techniques The y-axis intercept 
of the An vs. L plots (vary L technique) not only allowed 
determination of the number of waves traveling between the 
probes but also the effective probe separation. 
Writing 
An = i L + b 
A 
we see that An - b should be a number close to some integer 
n. Since the apparent probe separation was known to within 
-gA , rounding to the nearest integer gave the actual number 
of waves oscillating between the probes. Since the physics 
of the experiment require n to be integer, the rounding 
error must correspond to a correction to be applied to the 
probe separation data. This correction was always small and 
within the expected error associated with visual alignment 
of the probes. The effective zero probe separation did not 
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change with frequency. 
It has happened that n appeared to be off by ± 1. In 
this case we usually redetermined L and n at some frequency 
around 300 cps. The problem of determining n became really 
difficult only when the signal to noise ratio was less than 
2:1. The signal to noise ratio was usually favorable at 200 
or 300 cps even under conditions of high surface pressure. 
However, 1000 cps was a convenient frequency for estab­
lishing optimum operating conditions. 
The two methods described above for measuring propaga­
tion velocities complement each other. The vary L technique 
has the advantage that small phase angle shifts with fre­
quency are not important so long as the shift in phase angle 
is constant with probe separation. Any mechanical coupling 
contribution phase shifts at certain resonance frequencies 
was shown to be constant with change in L. The noise level, 
with filters in, was reduced to 3-5 millivolts as measured 
at the oscilloscope and corresponded to 3-5 microvolts at 
the crystal cartridge. The noise was random until the major 
mechanical resonance frequency, 1540 cps, was reached. The 
coupling at that frequency was so large that measurements 
could not be made there; the signal to noise ratio was very 
bad. However, even here the Lissajous figure showed con­
stant phase angle with probe separation. 
The major operational disadvantage of this technique 
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was that scanning the frequency region of interest was a 
long and slow process. However, one could pick a small 
region in the frequency range and choose for study any de­
sired set of frequencies to show up structure features of 
the dispersion curves without scanning the whole range. In 
this sense, the vary L technique was more flexible. The 
major uncertainty appears to be in the measurement of A 
gained from the An vs. probe separation plots. Probe 
separation of one centimeter or more can be measured to one 
part per thousand with present instrumentation;'small dif­
ferences in probe separation can be determined to better 
than one part per hundred. It is possible to determine the 
slope of the An vs. L plot to approximately 5 parts per 
thousand. Alternating between the events per 10 seconds and 
10~^ seconds per 10 events mode of counter operation for 
high frequency and low frequency measurements respectively, 
we were able to establish frequencies to one part per ten 
thousand. Using the frequency standard to beat against the 
working oscillator, frequencies in convenient multiples of 
the standard oscillator could be established to better than 
1 part per million. The stability of the working oscillator 
limited us to one part per 100,000. We were amazed that the 
Hewlett Packard Audio Oscillators were so stable. Resetting 
the working oscillator to 1 part per 100,000 was difficult, 
but once warmed up for several hours and set to a frequency, 
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the oscillator would not go off frequency by more than one 
part per 10,000 in an hour. 
It was hard to estimate objectively an error level for 
the phase angle measurement necessary for both the vary L 
and constant L techniques. The signal to noise ratio played 
a very important part in this aspect of the measurement. 
The phase error was extremely small when the signal to noise 
ratio was greater than 10:1, a level usually attained except 
at high frequencies. One order of magnitude more of probe 
separation resolution should be possible before the phase • 
angle determination limits the precision of the measurement. 
It should be possible to measure propagation velocities to 
approximately one part per 10,000 if the probe separation 
resolution can be increased. 
The constant L technique was much faster than the vary 
L technique. Once L and n had been determined, the whole 
frequency region available, 50 cps to 2000 cps, could be 
scanned in frequency increments, of approximately 
25 cps in about 30 minutes. As some reflection on Equation 
15 will show, vn - vn_j can be controlled by the choice of 
L; as L becomes larger v - v , will become smaller. 
n n—j. 
Naturally Vn - V 2 will vary somewhat with frequency at a 
given probe separation, but the trend is still true. It 
was possible, then, by collecting £vn\ at various probe 
separations to search a frequency region as thoroughly as 
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desired. Difficulties arise with the high frequency end of 
the available range. Damping and maximum wave amplitudes 
were such that the probes had to be closer in order to 
realize a sufficient signal to noise ratio. The result was 
that many more sets of data had to be collected in high 
frequency regions in order to gain the desired resolution. 
It was found that a much lower signal to noise level was 
tolerable in the constant L. mode of measurement; a signal 
to noise ratio of 1.5:1 was sufficient to find • The 
maximum probable error increased to between 0.5 and ifo. 
Fortunately the eye must resolve only an elliptical Lissajous 
figure going to a linear Lissajous figure in order to find 
The major difficulty with the constant L technique was 
that the probes were weakly coupled through the air and 
supporting structure. In general, coupling of this type was 
of the order of the intrinsic noise level of the circuits; 
at most frequencies the noise level did not increase beyond 
5 mv compared to the intrinsic noise level, 3 mv, found with 
the vibrating probe at rest. However, there were a number 
of resonance frequencies, e.g., the mechanical resonance 
frequency of the sending probe was 1540 cps. These resonance 
frequencies were very bothersome during the early phases of 
this experimental effort and led to some ridiculous results. 
We found that members of would be shifted in the 
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neighborhood of the resonance frequency or else pseudo mem­
bers of would appear. This last possibility produced 
the result shown in Figure 18; a rational, consistent 
assignment of n could not be made due to the ghost fre­
quencies. The previously discussed transducer design along 
with careful placement of the coil in the speaker magnet 
eliminated much of the trouble. Combining data, Figure 19, 
from three £v | sets at three different probe separations 
attested to this assertion. Even so there was some shift in 
frequency due to resonance since v - v vs. v plots were 
n n—_ l  n 
not quite smooth; however, the problem appears to be tract­
able. It should be easy to determine whether shifts on 
monolayers are due to resonance frequency shifts or anamo-
lous dispersion through the monolayer, v - v vs. v 
n n-i n 
curves need only to be compared to the analogous clean water 
curves. 
Wave damping determination The wave damping coeffi­
cient, a, was established by the vary L technique. In 
principle, a could be evaluated with the constant L 
technique using Equation 15 if detailed frequency vs. phase 
angle data is known. It was much easier experimentally, and 
also more direct, to calculate a from crystal receiver out­
put vs. probe separation data. Equations 17 and 19 pertain 
to this approach. As these equations indicate, the measure­
ments naturally separate into two cases: the probe 
Figure 18. Velocity dispersion calculated from a set of 
constant L data containing "ghost" frequencies 
(myristic acid monolayer, TT = 0 d/cm) 
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separation was small, aL < 1, and the probe separation was 
large, aL > 1. In the latter case the simple exponential 
law was followed, see Figure 15. In the former case, we 
found that the receiver output went through sequential 
maxima and minima. This effect is predicted by Equation 16 
and in fact the amplitude vs. probe separation is to follow 
the curve constructed from a damped sine wave superimposed 
on an exponential decay law. This type of damping was found 
experimentally, see Figure 16. 
Since the plot of log cartridge output vs. probe 
separation was linear, the vary L procedure at large probe 
separation was by far the easiest and fastest of the two 
techniques used in the evaluation of the damping of 
capillary ripples. The point that had to be established 
was that the crystal cartridge output was truly directly-
proportional to the wave amplitude at the receiving bar. To 
check this point, we carefully measured the amplitude of the 
sending bar as a function of frequency and as a function of 
coil voltage using a Schaevitz Linear Variable Differential 
Transformer (LVDT). 
The 003-ML LVDT was excited by 5 volts oscillating at 
20 KG. The LVDT core was coupled directly to the transducer 
in place of the Tee bar. The piston was weighted so that the 
transducer load with the core in place was the same as the 
transducer load with the Tee bar attached. The LVDT coil 
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was then positioned around the core so that electrical 
coupling gave a secondary output of roughly 1 mv peak-to-
peak. This 'signal was monitored by a Tektronix 5^5A 
oscilloscope with the low level plug-in unit, Tektronix 
Type E, as the preamplifier. A convenient sweep rate was 
one millisecond per centimeter. The amplitude of the probe 
vibration was directly proportional to the modulation level 
on the 20 KG output from the LVDT secondary. The 20 KG out­
put, from the LVDT had been previously calibrated and found 
to be a linear function of core position. A change in core 
position of one micron was easily measured using the low 
level preamplifier on the Tektronix oscilloscope. At every 
frequency investigated in the range 100 cps to 1400 cps, the 
relation between probe amplitude and speaker coil excitation 
potential was linear. An example of the plots collected is 
presented in Figure 20. 
Enough data sets were collected to convince us that the 
Tee bar amplitude was a linear function of coil excitation 
voltage throughout the frequency region studied in This 
Thesis. Since we had calibrated the LVDT, the absolute 
amplitude of the Tee bar could be determined as a function 
of frequency at constant excitation potential. These data 
allowed us to adjust the Tee bar amplitude so that we could 
always justify the assumption that the wave amplitude was 
very small compared to the wave length. The wave amplitude 
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Figure 20. Dependence of sending probe amplitude on 
speaker coil excitation 
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at x = 0 was never larger than one micron. At high fre­
quencies, the wave amplitude at x = 0 was usually smaller 
than 0.1 micron. Usually we had that 
Wave amplitude ^ nn-4 
Wave length ~ 
We next proceeded to establish"that the crystal cart-, 
ridge coupled to the receiving probe presented an output 
which was a linear function of the speaker coil excitation 
potential. The probes were brought to the clean water sur­
face according to the previously discussed procedure. The 
probe separation was set to roughly 1 cm.; however, a number 
of probe separations were used during subsequent linearity 
checks. The output from the crystal cartridge was monitored 
by a Hewlett Packard 400H A.C. vacuum tube voltmeter. The 
receiving probe output was then determined as a function of 
the speaker coil excitation at constant frequency. The 
output measured after preamplification did not exceed 3 
volts r.m.s. Linear plots were always found no matter what 
probe separation or frequency conditions were chosen. 
Figure 21 was typical of the data collected in this phase of 
the experimental work. 
These experiments established to our satisfaction that 
the output from the receiving probe was directly propor­
tional to the wave amplitude at the receiving probe. It was 
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Figure 21. Dependence of crystal cartridge receiving 
probe output on speaker coil excitation 
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not necessary to establish the proportionality constant 
since only amplitude ratios were needed. The flat frequency 
response, so dear to high-fi fans, was not found in either 
the speaker transducer or the receiving probe operating 
characteristics. However, since the vary L (at constant 
frequency) technique was used to measure damping character­
istics, this property of the instrumentation was of little 
concern to us. 
Discussion of the wave damping measurement When 
applicable, the vary L at large probe separation procedure 
using Equation 17 was the most precise way of finding a. 
The log1()V vs. L plots usually allowed calculation of the 
slope, 2~303 ~ 0^' T1:ie flaw in the procedure was the fact 
that the signal level was low since the probe separation 
must necessarily be large. This disadvantage was observed 
with low surface tension systems at high frequencies. How­
ever, a seemed to be determined with 10% even under poor 
signal-noise conditions. 
Clean water surfaces presented a slightly different 
problem. Damping was so small that very large probe 
separations, 2 cm or larger, were needed before Equation 17 
could be used. Below 400 cps, the V vs. L curves showed 
maxima and minima even at probe separations of 5 cm. The 
micromanipulator had an extension of only 6 cm. Under these 
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conditions, it was more convenient to use V , V . data to 3 max mm 
calculate a from Equation 19. 
The small probe separation vary L procedure appeared to 
determine a to within 10$; however, the method was slow since 
5 or 6 sets of vex- r^ema were needed to give sufficiently 
well defined envelope curves which would allow precise cal­
culation of a. The exact positions of the extrema were hard 
to determine quickly without outlining the V vs. L curve as 
extensively as was done in Figure 16. A further complica­
tion was found in the fact that small deviations from 
parallel probe orientation had a very significant effect on 
the positions of the vextrema' Undoubtedly part of the dif­
ficulty was due to the fact that at short probe separations, 
of the order of 1 to 6 millimeters, the surface was dis­
torted due to slight roughness of the paraffin covering the 
probe surfaces. 
In the case of insoluble monolayers, the surface pres­
sure was increased by advancing the moving barrier as de­
scribed in the section on the film balance. The surface 
pressure could be kept constant to within 0.3 d/cm during 
the collection of velocity and attenuation data. Small 
surface pressure variations during the course of a run led 
to some scatter in the log V vs. L data which was reflected 
in uncertainty in the calculation of a. This difficulty was 
not as pronounced in measuring propagation velocities since 
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these data could be collected In a much shorter time. 
The soluble monolayer work was not quite so sensitive 
to this type of uncertainty. We filled the trough with 
heptanoic solution possessing a known surface tension. We 
would close the constant temperature chamber and allow the 
solution to equilibrate over night. Checking the solution 
surface tension at intervals demonstrated that after equi­
libration for 12 hours, the surface tension of the heptanoic 
acid solution would remain constant within 0.2 d/cm over a 
4 hour period. A small fan inside the air bath switched on 
or off from the control panel greatly quickened the approach 
to equilibrium conditions. The fan was never running during 
the actual measurements; air movement and the fan vibration 
greatly increased the noise level. 
Miscellaneous Comments on Technique 
There are several points on technique that have not 
been mentioned. We wish to point out that some care must be 
exercised to insure homogeneity of the monolayer between the 
probes and elsewhere on the section of the trough con­
straining the monolayer. For example, stearic acid films 
are "solid" and thus fracture quite easily. This means that 
the.receiving .probe must be moved over the surface with 
care. The proper technique appears to be to raise the probe 
from the surface carefully with the vertical micromanipulator 
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control until the probe blade breaks clear of the film. The 
probe position is then changed by use of the proper manipula­
tor control and the probe carefully lowered onto the film 
with the vertical micromanipulator control. The blade edge 
is sufficiently narrow so that any rupture of the film con­
tributes very little to the error inherent in measuring the 
propagation parameters. It was our experience that if the 
probe blade was carefully paraffined and if care was 
exercised in lifting the probe from the surface slowly and 
smoothly then little rupture occurred. It usually appeared 
that the blade was sitting on top of a "rubber sheet" with­
out cutting or piercing the "sheet." 
To insure homogeneous monolayers, the probes were 
oriented perpendicular to the moving barrier, that is, 
parallel to the trough sides. After increasing the surface 
pressure by compression, sufficient time (5 minutes) was 
allowed to insure that any surface flow effects would have 
subsided. 
In the case of gaseous monolayers, heptanoic acid for 
example, and clean water surfaces it was not necessary to 
raise the receiving probe from the surface in order to 
change probe separation. This fact increased the rate at 
which data could be collected for these systems. 
We tried to speed data collection by use of recording 
techniques. The Hewlett Packard A.C. V.T.V.M. used to 
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monitor the crystal output on the receiving probe was 
slightly modified to allow recording of the signal magni­
tude. A 10$ precision resistor, shunted by 50 (if, was 
placed in series with the V.T.V.M. meter. Shielded two lead 
cable tapping across the resistor was led to the floating y 
axis on the Autograph x-y recorder. It was necessary to 
completely float the recorder y axis circuit by discon­
necting the 0.47 Mf capacitor from the y axis low side to 
the chassis ground. This was necessary since the meter 
circuit in the V.T.V.M. was above ground by 130 vdc plus 
ripple; the ripple must not be shunted to ground. The re­
sponse of the recorder-V.T.V.M. system was linear on all 
scales and at all frequencies away from lower 60 cps 
harmonics. Small amplitude beats were seen at 120 cps and 
l80 cps. . 
The probe separation circuit was connected to the x 
axis of the recorder by way of the output from the Kintel 
D.C. V.T.V.M. acting as the null detector in the double 
potentiometer probe separation circuit. This allowed us a 
sensitivity of two chart inches per millimeter of probe 
separation change. 
We were then able to record wave amplitude as a func­
tion of probe separation. This technique would have been 
fully automatic if we would have driven the micromanipulator 
probe separation axis with a slow speed motor. Unfortunately 
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the crystal receiving cartridge was very sensitive to vibra­
tion; even careful movement of the rack and pinion micro­
manipulator axis control introduced very high noise levels 
swamping out the wanted signal. The recording was done 
semi-automatically. We would first change the probe separa­
tion with the recorder pen lifted and the gain switched to 
a very low sensitivity. Then we could quickly switch to 
high gain and lower the pen to dot the output level on the 
chart. This process was repeated until the whole curve was 
defined. Figure 16 was produced in this fashion. 
This procedure was somewhat faster than reading a meter 
and it was easier to define the extrema points in the col­
lection of attenuation data at small probe separations. 
However, data collection for the linear region was done 
without the x-y recorder circuit since the data would have 
needed replotting as the log of the crystal cartridge output. 
The frequency of the Hewlett Packard standard oscilla­
tor was checked against the National Bureau of Standards 
broadcasting station WWV. This station could be heard on at 
least one of the frequencies, $, 10 or 15 mc, using a 
Hallicrafter model SX-71 receiver, with sufficient clarity 
to obtain a check on the oscillator frequency to at least 
one part per million. 
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Suggestions for Improved Instrumentation 
We suggest that the probe separation be controlled by a 
micrometer screw device; probe separations could then be 
determined to within one micron. This modification would 
allow a higher level of precision on the propagation 
velocity determination. Since it would be advantageous to 
record automatically amplitude vs. probe separation data, we 
suggest that thought be given to a change in the probe 
mounting arrangements. For example, mount the receiving 
probe in a fixed position with maximum mechanical decoupling 
from the micromanipulator frame, and mount the sending probe 
on the micromanipulator so that now the micromanipulator 
movement would change the position of the sending probe with 
respect to the fixed receiving probe. The sending probe for 
this arrangement must be much less massive than the present 
design. This might be accomplished by using a modified 
electro-mechanical record disk cutting head. These are 
1 
available commercially and are roughly the same size as the 
crystal phonograph cartridges used in this study. Contin­
uous, motorized movement of the micromanipulator control 
should be possible without inducing excess mechanical noise 
into the receiving circuit. 
^An example of such a device is the M-4l Series Cutting 
Head produced by the Astatic Corporation, Conneaut, Ohio < 
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Commercial amplifiers are available with the feature 
that the output is delivered as the logarithm of the input 
signal. This type of amplifier coupled with automatic probe 
separation advance should allow us to speed the attenuation 
coefficient data collection process considerably. 
It would be highly desirable to move the equipment to 
some area of the project that has less building vibration 
and fewer sources of electrical noise, e.g., induction 
furnace converters. 
It is suggested that the moving barrier device be 
completely redesigned. A design closer to that mentioned 
by Harkins (2) would be desirable. The lead screw should 
still be coupled to a Helipot to give continuous area 
readout. However, the I shaped arm used to couple•the 
barrier to the lead screw developed sufficient torque while 
pushing the teflon barrier to partially bind the lead screw 
bushing so that at higher barrier velocities the barrier 
movement was somewhat rougher than we had wished to tol­
erate. Me suggest that a continuously variable, 5:1 - 1:5, 
motor coupling such as that made by Merton Instruments Co. 
(Series 2A Variable Reducer) be used to vary the barrier 
velocity; gear trains, while adequate, were not convenient. 
Toward the end of the experimental phase, it was found 
that a substantial increase (factor of 5) in signal to noise 
ratio could be realized by a slight modification of the 
151 
position of the razor blade on the shank going to the 
crystal cartridge. We soldered the shank to the end of the 
blade rather than in the exact center of the blade. Dis­
section of a spare crystal cartridge of the type we were 
using confirmed our hypothesis that the crystal mounting 
detail produced maximum signal output with twisting motion. 
We were worried that allowing the receiving blade to trans­
mit the fluid motion as a torque would upset the wave re­
flection boundary conditions assumed in the data reduction 
equations. This did not appear to be so. We suggest that 
transducers be surveyed in hopes of finding a system which 
would sense vertically constrained motion alone and have a 
band pass below 50 cps. 
Film Spreading 
The insoluble films were spread from solution using 
well documented techniques, see for example discussions by 
Adam (l), Harkins (2), Adamson (3), and Davies (4). Solvent 
retention by the monolayer was an early problem solved 
satisfactorily by using low boiling petroleum ether. 
Benzene was not satisfactory since it appeared to take 4 to 
12 hours for the solvent to evaporate to the point where 
force-area curves were reproducible. This problem is dis­
cussed extensively by LaMer (31). 
Egg albumin films presented the usual problem of 
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incomplete spreading. Various approaches are discussed in 
the literature by Bull (33) and Trurnitt (34) for example. 
We found that spreading from a single crystal gave the best 
results as far as reproducible compression characteristics • 
were concerned. The co-area of 0.9 meters/mg compared 
fairly well with literature co-area quotations; Bull claims 
0.9 meters/mg on K^SO^ solution, Trurnitt claims 1.1 
meters/mg. We attempted Trurnittr s "sophisticated" approach 
to protein film spreading, flowing the protein solution down 
the sides of a glass rod sitting in the trough, without much 
success. The technique apparently requires more art than 
Trurnitt (34) admits in his ten page paper on the subject. 
The surface tension of the heptanoic acid•solutions, 
forming soluble surface films, was measured with a Cenco-
DuNoy tensiometer to ± 0.1 d/cm. The correction formula of 
Zuidema and Waters (35) was used to give the actual surface 
tension of the solutions to ± 0.2 d/cm. 
• Materials 
All of the insoluble film forming compounds had been 
recrystallized several times from various solvents. The 
melting points of these compounds were very sharp and 
checked literature values to within ± 1°C. The long chain 
fatty acids had been prepared by Armour Inc. The heptanoic 
acid, the octadecanol and the hexadecanol were Eastman White 
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label chemicals. 
The petroleum ether and benzene were distilled through 
an Oldershaw 30 plate distillation column. The middle frac­
tions boiling at 36°C and.80°C were retained as monolayer 
spreading solvents. Solvent alone was spread on the trough" 
to check for possible contamination. These experiments 
indicated that solvent impurities would contribute at most 
0.05$ error to the observed film pressure. 
The esters were supplied by Proctor and Gamble. The 
polyvinyl acetate, used as received, was supplied by 
Interchemical Co. 
Distilled water used for this experiment was first ob­
tained from a Barnstead distillation column used to produce 
conductivity water for use in the undergraduate physical 
chemistry laboratory program. The surface tension was 
usually only 0.3 d/cm below literature value at 25°C. Later 
an all fused silica continuous double distillation column 
was purchased from Engelhard Industries, Inc. Initially the 
surface tension obtained from the double distillation of tap 
distilled-deionized water was 0..5 to 0.4 d/cm lower than the 
literature value. It appeared that some fairly long chain 
amine was distilling over with the water. A carbon black 
adsorption column in stream just before the tap distilled 
water entered the first.stage pot apparently eliminated the 
offending compound. Surface tension of the still output was 
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0.1 to 0.2 d/cm below the literature value of 71.9 d/cm 
quoted from Lange1 s Handbook (36). This water was suffi­
ciently clean for our purpose. Using this triply distilled 
water, sufficient contamination to warrant discontinuing the 
experiment in progress would accumulate only after 8 hours of 
use. 
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RESULTS 
Three sets of data were collected for each system 
Investigated; the force-area isotherms, the ripple propaga­
tion velocity dispersion, and the ripple damping coefficient 
dispersion. We will present our data in both tabular and 
graphic form. We will shorten the tables associated with 
the constant L velocity technique by including only enough 
data to define the dispersion curves. 
We divide this section into two parts: the presenta­
tion of the experimental data and the presentation of the 
machine calculation method used to extract numbers from the 
theory developed in a previous section. 
Theoretical Calculation 
We were not able to put the full theory into equations 
that would be sufficiently compact to allow fast hand 
computation. We decided to use electronic computer methods 
to calculate the sets of numbers needed to compare our 
theory with the experimental results. While some program­
ming was done on the IBM 704 machine located at the 
University of Wisconsin, most of the computations were 
accomplished on the "Cyclone" computer located at this 
University. It is the purpose of this subsection to present 
the problem outline from which the program for the 
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calculation was derived. The data calculated from the 
theory will be presented graphically along with the experi­
mental comparison and will not be tabulated in This Thesis. 
Logic outline 
This outline includes only the logic portion of the 
programs written for the various computations. The actual 
calculations were done with subroutine programs to be 
described later. The outline follows: 
1. Input alphabetic. 
2. Output alphabetic. 
3. Input constants. 
4 .  Input into permanent storage locations values of 
each of the parameters Z^, Zy Z^, Z^ and Zg (a 
total of 5xNj numbers) corresponding to a given 
surface pressure and different frequencies. 
5.' Load index register for calculations. 
6. Transfer one each of the Z^, Z^ and values to 
temporary memory locations for calculation; store 
Zg = 0, Z^ = 0 in the proper temporary locations 
for the calculation. 
•7. Perform the calculation as a subroutine and output 
the resulting Z^ value. 
8. Have we performed the calculation times? If no, 
then store the next values of Z^, Z,_ and Zg in 
^Table headings were first stored in the computer 
memory, then immediately punched out on paper tape. 
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temporary locations; loop -back to order 7. If yes 
• then continue to the next order in the program. 
9• Load the index registers needed for subsequent 
looping. 
10. Transfer all values of Zg from permanent storage 
locations to working locations. 
11. Transfer one each of Zg, Z^, Z^, Z,_ and Zg to 
temporary locations for use in the calculation 
subroutine. 
r> 12. Perform the calculation subroutine and output 
13. Have we performed this operation times? If no, 
then store the next values of Zg, Z^, Z^, Z,- and Z 
in the temporary locations for use in the calcula­
tion subroutine and loop back to order 12. If yes 
then divide Zg values stored in the working loca­
tions by a constant and store back in working 
1 locations. 
14. Have we performed this operation Ng times? If no, 
then loop back to order 11 and start the calcula­
tion sequence again. If yes, then multiply all Z^ 
values by a constant and store in the Z~ locations 
2 
erasing previous Z^ values. 
15. Have we performed this operation times? If no, 
then loop back to order 10 and start the sequence 
? 
again. If yes, then stop and prepare for input 
of the next data table. 
^Only the ky values were modified by this order, kg 
values were not changed at this point in the calculation. 
2 k values were modified by this order. 
"The first consequence of this order was to recopy the 
original kv values into the working locations. 
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The logic portion of the program not only generated the 
values of the visco-elastic constants, k and k , but it 
e v 
also directed the orderly computation of the reduced ripple 
damping coefficient dispersion and the reduced ripple 
velocity dispersion using all permutations of the internally 
generated visco-elastic parameters. The logic was designed 
so that any one of the parameters could be calculated in 
terms of the others through use of the proper subroutine. 
Subroutines 
The theory leads, both in the insoluble and soluble 
monolayer cases, to the requirement that a 2 x 2 complex 
determinant involving the quantities Z^, Zg . . ., Zg must 
have a zero value. This condition furnishes two equations 
in these 6 variables. Since the relation 
z6 = 2Z4Z52 
holds, a total of three relations connect these six vari­
ables, permitting three of them to be established in terms 
of the other three variables. 
Three subroutines were written for this study; the 
calculation of Z^ dispersion for the insoluble monolayer 
case, the calculation of Zg dispersion for the insoluble 
monolayer case, and the calculation of Z^ dispersion for the 
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soluble monolayer case. We found that the imaginary part of 
the complex determinant could be fairly easily solved for 
Zg - 1 so that these terms could be eliminated from the real 
part of the complex determinant. While Zg still appeared in 
the formula used to calculate Z^, the approximation Zg = 1 
was consistent with the degree of approximation already 
assumed. These points will be considered later. The final 
equations derived in the soluble monolayer case and the 
insoluble monolayer case were both quadratic in Z^. The 
quadratic formula was used to calculate the roots; only the 
negative root was of physical interest. The subroutine 
program was, in this case, purely arithmetic. 
The algebraic manipulation required to solve for Zg 
after eliminating Z^ from the real and imaginary parts of 
the complex determinant was horrendous. In order to simpli­
fy the algebra, all terms second order and above in Z^ were 
ignored. Even so the final equation was a cubic in Zg; how­
ever, the zero was conveniently found by the Newton-Raphson 
(N.R.) iteration technique (37). If we let f(Zg) be given 
by 
f ( Z g )  =  A Z ^  +  B Z ^  +  C Z g  +  D  ,  ( E q .  l )  
then we seek a Zg such that 
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f f Z g )  =  0  .  ( E q .  2 )  
The coefficients A, B, C and D are complicated algebraic 
functions of Zg, Zy and . The N.R. formula for 
finding members of the sequence [zgkj reads 
T • ry fl-Z6(k-l)^ 
%6k - %6(k-l) -- r H . (Eq. 3) 
1 L 6(k-l)J 
If f1(Zg) = 0 and f11(Zg) is finite, then the convergence 
factor goes to zero if and only if Zg^_ -» Zg. 
In view of Equation 1, Equation 3 can be written as 
Zgk . + B26(k-l) - D . (Eq. 4, 
~^Z6(k-l) + ^ (k-l) + c 
Since we knew experimentally that the zero for this equation 
must be in the interval (0.9, 1.0), Zg = 0.90 was used as 
the initial guess in all of the iteration calculations. 
This number was generated in the subroutine so that the main 
program would not have to be changed to allow the input of 
ZgQ values. 
The logic outline for the N.R. subroutine follows : 
1. Calculate and store the coefficients A, B, C and 
l6l 
D using values of Zg, Z^, and Z,_ supplied by the 
main program. 
2. Calculate and store the initial guess, Zg = 0.90, 
from the constants stored by the main program. 
•3. Calculate and store Zg^ from ZgQ using Equation 4. 
4. Calculate and store the magnitude of Zg^ - ZgJ. 
5. Is 
lz6l ~ z6oI " 10 6 
negative? 
t 
If no, then loop back to order 3 using Zg^ in place 
of Zg/%_i) for k = 1, 2, 3, 4 . . . . 
If yes, then output Zg. and transfer back to the 
main program. 
We checked the rate of convergence of the iteration 
during the first run of this program by printing out each 
member of rather than only the last member of the 
truncated sequence. Usually 2 to 4 iterations were suf­
ficient to reach the desired error level. In subsequent 
runs, only Zg^ was punched out. 
It was interesting to note that the machine time for 
calculating a set of 125 different Zg values was approxi­
mately l\ minutes. The similar calculation for Z^ using the 
quadratic formula ran only slightly faster, approximately 
l£ minutes. The iteration method was apparently quite 
efficient. 
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Experimental 
It was Impractical to tabulate all of the "raw" data 
from which the ripple propagation parameters were calcu­
lated; however, at least one example of the less obvious 
methods of data work-up is presented. The general data 
collection and processing methods were extensively dis­
cussed in the experimental section; however, comments will 
be made concerning special conditions or difficulties 
associated with specific systems. 
Force-area curves were recorded before each ripple 
dispersion data set was determined. During each run the 
spreading pressure was carefully monitored with the auto­
matic recording surface balance so that any small change 
(0.5 d/cm), usually to a lower pressure, occurring during an 
experiment could be corrected by slowly advancing the moving 
barrier until the original spreading pressure was regained. 
Large changes in spreading pressure usually implied a 
barrier leak in which case the run was discontinued. 
The surface pressure transducer was first carefully 
calibrated and then the films were spread to convenient 
limiting areas for the ripple dispersion measurements. 
Enough preliminary film balance work had been done to ensure 
that the force-area curves corresponded to published re­
sults. The previously mentioned book by Harkins (2) 
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compiles much of the pertinent film balance work. While we 
needed accurate spreading pressure information with each 
ripple dispersion data set, ttie complete force-area curves 
were used only to find the spreading pressures corresponding 
to phase changes. 
Water 
The theory derived in This Thesis should certainly be 
valid for the limiting case kg = kv = 0. These conditions 
should hold for surfactant free distilled water surfaces. 
It was important to collect sufficient data to check each 
aspect of the experimental technique and to compare these 
results with the limiting equations of thetheory. Since 
wave damping is comparatively slow for this system, we were 
able to utilize the maximum sensitivity of the instrumenta­
tion for data collection. 
Table 1 is a tabulation of all the members of 
observed with the constant L technique for a probe separa­
tion of 3.01 cm. These data are shown in Figure 19 located 
in the previous chapter. Table 2 tabulates velocity dis­
persion data collected with the vary L technique. 
Table 3 presents receiving probe output data for one 
frequency, 860 cps. The damping coefficient is calculated 
from these data according to Equation 19 of the EXPERIMENTAL 
section. Similar tables were prepared for each damping 
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coefficient calculated in this study. Table 4 presents the 
damping coefficient dispersion data obtained for this 
system. 
Stearic acid 
The force-area curve"*" is shown in Figure 22. The two 
linear portions of curve III, Figure 22, extrapolate to 
°2 / op 
20.5 A /molecule and 24 A /molecule as n goes to zero. 
Table 5 presents the velocity dispersion data at various 
surface pressures and Table 6 presents the damping coeffi­
cient data for two surface pressures, 6.2 d/cm and 16.0 d/cm. 
Mixed alcohols 
Monolayers of n-octadecanol and n-hexadecanol mixed 1:1 
by weight were spread from petroleum ether. The force-area 
curve is shown in Figure 23. Table 7 presents the velocity 
dispersion data and Table 8 presents the damping coefficient 
dispersion data. 
Propylene glycol monostearate 
The force-area curve for this system is shown in Figure 
24. Table 9 presents the velocity dispersion data and Table 
10 presents'the damping coefficient dispersion data. 
^The film area increases to the right in this and 
subsequent force-area curves. 
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Stearic acid - polyvinyl acetate mixed monolayers 
The force area curve for this system is shown in Figure 
25. Table 11 presents the velocity dispersion data and 
Table 12 presents the damping coefficient dispersion data. 
Benzene was first used as the spreading solvent. The 
force-area curves were not reproducible; the film appeared 
to retain a fair amount of solvent. Petroleum ether was 
used but polyvinyl acetate is not too soluble in this 
solvent. 
1,3 dipalmitoyl glyceryl phosphoric acid 
This material did not spread well from either benzene 
or petroleum ether; the force-area curves were not satis­
factory. Work was discontinued on this system after ob­
taining the dispersion data displayed in Tables 13 and 14 
at TT = 4 d/cm. 
Egg albumin 
Since authors disagree on the force-area properties of 
egg albumin films, see Bull (33) and Trurnitt (34), we pre­
sent the results of our preliminary work in Figure 26. This 
material was spread from a single crystal carefully placed 
on the water surface. The single crystals (~ 50 ngm) were 
weighed on an Ainsworth microbalance to 1 microgram. The 
velocity dispersion and damping are shown in Tables 15 and 
16. Av vs. vn data resulting from the constant L technique 
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are presented in graphical form in the next section. 
Heptanoic acid 
Two concentrations were examined, 4.3 x 10~^ moles/liter 
and 15 x 10 ^  moles/liter. The vary L damping coefficient 
technique at large probe separation was unreliable at the 
higher concentration level due to very poor signal to 
noise ratios. The small probe separation technique appeared 
to yield better results. The measurements were probably 
complicated by the fact that the solutions tended to wet the 
paraffin coated parts of the transducer system. An un­
certainty of roughly 15$ should be assigned to the damping 
coefficient results. 
Soluble monolayer theory requires rather complete 
surface tension data for the comparison of the experi­
mentally determined and the theoretically calculated propa­
gation parameters. The surface tension data, of King (38) 
were used to prepare Table 20. The diffusion coefficient 
-6  2  
was taken to be 8 x 10 cm /sec in accord with the assump­
tion of Hansen and Wallace (39). The necessary derivatives 
were determined by graphical techniques. 
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Table 1. Ripple propagation velocity on monolayer free 
water using constant L technique, y = 71.8 d/cm 
(t  = 25.0°C) 
n a=3T<=™> v<seo) x sec 
13 0.2315 193.8 44.86 
13.5 0.2229 205.3 45.76 
14 0.2150 216.7 46.59 
14.5 0.2076 228.6 47.46 
15 0.2007 240.5 48.27 
15.5 0.1942 253.8 49.29 
16 0.1881 266.3 50.09 
16.5 0.1824 278.3 ' 50.76 
17 0.1771 291.0 51.53 
17.5 0.1720 303.6 52.22 
18 0.1672 316.7 52.95 
18.5 0.1627 330.1- 53.71 
19 0.1584 343.4 54.39 
19.5 0.1544 355.6 54.90 
20 0.1505 370.9 55.82 
20.5 0.1468 385.0 56.52 
21 0.1433 399.2 57.20 
21.5 0.1400 413.4 57.88 
22 0.1368 428.1 58.56 
22.5 0.1338 442.5 59.21 
23 0.1309 457.3 59.86 
23.5 0.1281 472.0 60.46 
24 0.1254 486.5 61.01 
24.5 0.1229 500.7 61.54 
25 0.1204 515.3 62.04 
25.5 0.1180 529.5 62.48 
26 0.1158 544.0 62.99 
26.5 0.1136 558.9 63.49 
27 0.1115 573.9 - 63.99 
27.5 0.1094 589.5 64.49 
28 0.1075 606.1 65.16 
28.5 0.1056 622.3 65.71 
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Table 1. (Continued) 
A = ^ (cm) v(^) - =0 
29 0.1038 638.7 66.29 
29.5 0.1020 655.5 66.86 
30 0.1003 672.4 67.44 
30.5 0.09869 689.5 68.04 
31 0.09710 706.7 68.62 
31.5 0.09556 724.1 69.19 
32 0.09406 742.0 69.79 
32.5 0.09262 759.9 70.38 
33 0.09121 777.8 70.94 
33.5 0.08985 795.2 71.45 
34 0.08853 813.8 72.05 
34.5 0.08725 831.9 72.58 
35 0.08600 850.3 73.13 
35.5 0.08479 869.1 73.69 
36 0.08361 888.2 74.26 
36.5 0.08246 907.4 74.82 
37 0.08135 926.0 75.33 
37.5 0.08027 945.2 75.87 
38 0.07921 964.6 76.41 
38.5 0.07818 983.9 76.92 
39 0.07718 1003.3 77.43 
39.5 0.07620 1023.0 77.95 
40 0.07525 1042.4 78.44 
40.5 0.07432 1062.5 78.96 
4l 0.07341 1081.9 79.42 
41.5 0.07253 1102.1 79.93 
42 0.07167 1122.7 80.46 
42.5 0.07082 1143.3 80.97 
43 0.07000 1164.7 81.53 
43.5 0.06919 1184.5 81.96 
44 0.06841 1205.7 82.48 
44.5 0.06764 1224.9 82.85 
45 0.06689 1246.4 83.37 
i6g 
Table 2. Ripple propagation velocity on monolayer free 
water using vary L technique, y = 71.8 d/cm 
(t = 25.QOC) 
lih> A (cm) o(|fj 
loo 0.362 36.2 
150 0.276 41.4 
200 0.225 45.0 
240 0.201 48.2 
300 0.174 52.2 
343 0.158 54.2 
400 0.142 56.8 
450 0.131 59.0 
50Q 0.123 61.5 
540 0.116 62.6 
600 0.108 64.8 
700 0.097 67.9 
750 0.0943 70.7 
800 0.0896 71.7 
900 0.0830 74.7 
1000 0.0769 76.9 
1180 0.0690 81.4 
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Table 3. Amplitude data treatment for small probe separa­
tion, vary L technique, on monolayer free water, 
v = 860 cps (t = 25.0°C) 
Probe 
separation 
1/A(cm) 
Cartridge 
V 
max 
(mv) 
output 
Vmin 
(mv) 
V + V . 
max mm 
V - V . 
max mm 
0.710 462 (135)^ 1.826 
0.738 (444) 136 1.883 
0.766 425 (137) 1.951 
0.795 (408) 138 2.022 
0.824 390 (138) 2.095 
0.852 (375) 139 2.178 
0.882 360 (139) 2.258 
0.906 (348) 139 2.330 
0.934 338 (138) 2.380 
^Multiply by 0.74-5 to convert to cm. 
^Each number enclosed in parentheses was read from the 
envelope curves passing through the maximum and minimum 
points on the plot of the receiving probe output as a func­
tion of probe separation. The numbers not enclosed in 
parentheses were the experimental maximum or minimum signal 
levels occurring at the indicated probe separation. 
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Table 4. Damping coefficient dispersion for monolayer free 
water, y = 71.8 d/cm (t = 25.0°C) 
Small probe 
separation 
v ( — )  x sec ' 
Large probe separation 
v (———) x sec ' a(s;) v(-i-) • sec 
306 
467 
594 
860 
1000 
1076 
1201 
0.226 
0.550 
0.688 
0.831 
0.974 
1.117 
1.257 
600 
700 
800 
900 
1000 
1100 
1200 
1300 
i4oo 
0.733 
0.747 
0.900 
1.008 
1.086 
1.160 
1.237 
1.366 
1.517 
467 
594 
860 
1000 
1076 
1201 
1724 
0.728 
0.733 
1.025 
1.07 
1.082 
1.28 
1.785 
Figure 22. Dependence of spreading pressure on area 
per molecule for stearic acid monolayers 
The curves have been displaced along the 
area axis relative to curve I. The 
spreading solvent was petroleum ether. 
I. Curve was run 5 minutes after 
spreading 
II. Curve was. run 15 minutes later 
III. Curve was run 4 hours later 
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Table 5. Velocity dispersion data for stearic acid 
monolayers (t = 25.0°C) 
v(—^-) c v(—^-) c (——) v(——) c(2E_) xsec' x sec' xsec ' vsec ' xsec ' x sec ' 
TT = 0.0 d/cm 
200 44.5 
300 50.9 
400 55.9 
500 60.0 
600 63.7 
700 67.0 
800 69.9 
900 72.6 
1000 75.0 
1100 77.4 
1200 79.5 
TT = 15 d/cm 
608 59.41 
694 62.17 
781 64.58 
870 66.80 
960 68.79 
1052 70.67 
1146 72.46 
1244 74.29 
1351 76.43 
1458 78.37 
TT = 5.0 d/cm 
660 64.50 
751 67.27 
845 69.87 
942 72.32 
1037 74.31 
1136 76.32 
1238 78.28 
1348 80.50 
1458 82.42 
TT = 20 d/cm 
200 40.2 
300 45.8 
400 50.5 
500 54.2 
582 56.87 
66l 59.21 
746 61.69 
832 63.88 
919 65.86 
1007 67.65 
1099 69.49 
1193 71.25 
1289 72.92 
1391 74.77 
1495 76.53 
TT = 10.0 d/cm 
200 
300 
400 
500 
636 
42.3 
48.5 
53.3 
57.1, 
62.14 
724 
815 
907 
1000 
1095 
64.86 
67.39 
69.64 
71.66 
73.56 
1194 
1296 
1407 
. 75.50 
77.40 
79.59 
TT = 25 d/cm 
630 
709 
791 
876 
961 
56.44 
58.63 
60.73 
62.77 
64.56 
1048 
1135 
1228 
1328 
1423 
66.27 
67.78 
69.47 
71.38 
72.84 
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Table 6. Damping coefficient dispersion data for stearic 
acid monolayers, (t = 25.0°C ) 
TT = 6.2 d/cm 
v(-A) 
Tr - 16.0 d/cm 
6oo 
700 
8oo 
900 
1000 
1100 
1200 
1300 
i4oo 
1.54 
1.79 
2.03 
2.27 
2.40 
2.62 
2.96 
3.11 
3.34 
600 
700 
800 
900 
1000 
1100 
1200 
1300 
i4oo 
1.77 
2.00 
2.26 
2.44 
2.70 
2.99 
3.03 
3.26 
3.54 
Figure 23. Dependence of spreading pressure on area 
per molecule for the mixed monolayer system 
octadecanol and hexadecanol 
The curves, recorded several hours apart, 
have been shifted along the area axis. The 
spreading solvent was petroleum ether. 
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Table 7. Velocity dispersion data for 1:1 mixed monolayers 
of n-octadecanol and n-hexadecanol (t = 25.0°C) 
v(——) c (-55L-) v(——) c(-22_) 
x sec1 x sec ' x sec ' x sec ' 
TT = 0.5 d/cm TT = 9.5 d/cm 
265 48.81 248 45.68 
348 53.42 325 49.89 
439 57.77 410 53.96 
535 61.58 500 57.55 
638 65.27 597 61.07 
746 68.71 698 64.28 
857 71.73 804 67.30 
971 74.52 911 69.92 
1085 76.86 1021 72.33 
1202 79.07 1132 74.46 
1331 81.72 1249 76.69 
1465 84.32 1373 79.03 
- - 1501 81.30 
TT = l6.4 d/cm TT = 24.5 d/cm 
235 43.29- 286 43.90 
307 47.12 364 47.90 
387 50.93 444 51.10 
473 54.44 526 53.81 
564 57.70 619 57.01 
659 60.69 714 59.76 
760 63.61 813 62.40 
863 66.23 912 64.61 
969 68.64 ioi4 66.70 
1074 70.65 1118 68:64 
1182 72.57 1225 70.51 
1299 74.77 1340 72.59 
1423 77.08 1460 . 74.69 
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Table 8. Damping coefficient dispersion data for 1:1 mixed 
monolayers of n-octadecanol and n-hexadecanol 
(t = 25.0°C) 
TT = 0.5 d/cm 
v(——) x sec ' 
TT = 9.5 d/cm 
v(—i—) 
x sec '. 
0c(iiï) 
6oo 
700 
800 
900 
1000 
1100 
1200 
1300 
i4oo 
1.52 
1.81 
1.97 
2.17 
2.44 
2.52 
2.62 
3.19 
3.34 
600 
700 
800 
900 
1000 
1100 
1200 
1300 
i4oo 
1.63 
1.81  
2.03 
2.20 
2.49 
2.74 
2.84 
3.34 
3.26 
Figure 24.  Dependence of spreading pressure on area per molecule for 
propylene glycol monostearate 
The spreading solvent was petroleum ether. 
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Table 9. Velocity dispersion data for propylene glycol 
monostearate monolayers (t = 25.0°C) 
TT = 2.0 d/cm 
v ( — )  c(^ r) 
• sec sec 
TT = 10.0 d/cm 
v(-3^ > 0(°a_) 
TT = 16.7 d/cm 
sec 
v(^—) x sec y =0 
203 44.4 
268 48.7 
338 52.7 
412 56.0 
492 59.6 
576 62.75 
662 65.6 
754 68.5 
849 71.3 
944 73.4 
lo4l 75.7 
1139 77.7 
1243 79.8 
1353 81.8 
1466 84.2 
192 41.8 
252 45.8 
318 49.6 
389 53.0 
463 56.1 
542 59.0 
624 61.8 
709 64.4 
799 67.0 
890. 69.3 
983 71.5 
1076 73,2 
1173 75.4 
1273 77.0 
1380 79.3 
1490 81.3 
182 39.7 
238 42.2 
293 45.7 
366 49.9 
436 52.8 
511 55.7 
589 58.4 
670 60.9 
755 63.4 
842 65.5 
930 67.6 
1020 • 69.6 
1109 71.3 
1205 73.0 
1303 74.9 
1408 76.8 
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Table 10. Damping coefficient data for propylene glycol 
monostearate monolayers (t = 25.0°C) 
v(—^—) cc(—) v(—— ) cc(—) xsec' xcmy vsecy xcm' 
rr = 0.8 d/cm 
500 1.45 
600 1.89 
700 1.97 
800 2.25 
900 . 2.56 
1000 2.78 
1100 3.16 
1200 3.34 
1300 3.55 
1400 3.71 
TT = 5.0 d/cm 
600 1.67 
700 1.85 
8oo 2.19 
900 2.40 
1000 2.59 
1100 2.74 
1200 2.99 
1300 3.20 
1400 2.46 
TT = 10.0 d/cm 
500 1.59 
600 1.69 
700 2.01 
800 2.22 
900 2.48 
1000 2.68 
1100 3.03 
1200 3.27 
1300 3.41 
i4oo 3.55 
TT = 16,7 d/cm 
500 1.47 
6oo 1.85 
700 2.18 
8oo 2.44 
900 2.60 
1000 2.96 
1100 3.07 
1200 3.17 
1300 3.45 
1400 3.71 
Figure 25. Dependence of spreading pressure on area for the mixed monolayer 
system stearic acid and polyvinyl acetate (three hours between 
curves) 
The curves, recorded several hours apart, have been shifted along 
the area axis. The spreading solvent was petroleum ether. 
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Table 11. Velocity dispersion data for stearic acid-
polyvinyl acetate mixed monolayers (t = 25.0°C) 
TT = 0.2 d/cm TT = 10.0 d/cm TT .= 16.2 d/cm 
209 45.02 195 42.00 185 39.85 
276 49.54 256 45.95 244 43.80 
348 53.54 323 49.69 306 47.08 
424 57.07 394 53.03 374 50.34 
505 60.43 470 56.24 447 53.49 
592 63.76 550 59.24 522 56.22 
682 66.77 634 62.07 602 58.94 
775 69.56 721 64.71 685 61.48 
872 72.24 811 67.18 771 63,87 
969 74.52 904 69.52 860 66.13 
1068 76.68 997 71.58 950 68.21 
1169 78.69 1092 73.50 io4i 70.07 
1276 80.83 1189 75.32 1133 71.78 
1389 83.10 1291 77.24 1229 73.53 
1502 85.13 1400 79.35 1331 75.44 
-
- 1507 81.15 1437 77.38 
TT = 16.5 d/cm TT = 17.5 d/cm TT = 25.0 d/cm 
185 39.85 240 43.08 222 39.85 
243 43.62 302 46.46 280 43.08 
305 46.92 370 49.80 345 46.44 
373 50.21 441 52.77 411 49.18 
445 53.25 516 55.57 480 51.70 
521 56.11 595 58.25 553 54.14 
600 58.74 677 60.76 631 56.63 
683 61.30 762 63.12 709 58.73 
769 63.70 851 65.44 791 60.83 
857 65.90 940 67.49 876 62.90 
948 68.07 1030 ' 69.33 962 64.75 
1038 69.87 1121 71.02 1046 66.26 
1130 71.58 1217 72.81 1136 67.97 
1227 73.41 1316 74.59 1225 69.43 
1328 75.27 1421 76.52 1324 71.30 
1432 77.11 1516 77.74 1421 72.87 
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Table 12. Damping coefficient dispersion data for stearic-
acid polyvinyl acetate mixed monolayers 
(t  = 25.0°C) 
v(^ r) sec v(—=—) v sec ' a (àî )  
TT = 0. 4 d/cm TT = 10.0 d/cm TT = 16.4 d/cm 
400 • 1.05 ' 4oo 1.34 4oo 1.36 
500 1.47 500 1.44 590 1.56 
6oo 1.70 600 1.71 600 1.81 
700 1.89 700 1.92 700 1.98 
8oo 2.10 800 2.14 800 2.23 
900 2.40 900 2.44 900 2.51 
1000 2.51 1000 2.49 1000 2.73 
1100 2.75 1100 2.88 1100 3.00 
1200 2.94 1200 2.97 1200 3.10. 
1300 3.06 1300 3.32 1300 3.32 
1400 3.51 1400 3.55 1400 3.63 
TT = 17 .0 d/cm TT = 17.8 d/cm TT = 25.5 d/cm 
400 1.33 400 1.38 4oo 1.35 
500 1.56 500 1.58 500 l.6l 
600 1.80 600 1.77 600 2.03 
700 1.98 700 2.02 700 2.35 
800 2.27 800 2.27 800 2.53 
900 2.51 900 2.58 900 2.74 
1000 2.69 1000 2.73 1000 3.22 
1100 3.03 1100 3.20 1100 3.24 
1200 3.02 1200 2.99 1200 3.43 
1300 3.52 1300 3.43 1300 4.14 
1400 3.77 i4oo 3.60 i4oo 4.53 
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Table 13. Velocity dispersion data for 1,3 dipalmitoyl 
glyceryl phosphoric acid (t = 25.0°C) 
TT = 1 d/cm TT = 4 d/cm 
v ( — )  c  ( - ^ - )  v ( — —  )  c ( - ^ — )  x sec' x sec1 x sec ' x sec ' 
209 45.02 
276 49.54 
349 53.69 
425 57.20 
507 60.67 
593 63.87 
684 66.96 
777 69.74 
874 72.40 
972 74.75 
1070 76.83 
1172 78.89 
1280 81.09 
1393 83.34 
203 43.72 
268 48.ll 
337 51.85 
412 55.45 
489 58.51 
574 » 61.82 
659 64.52 
750 67.31 
843 69.83 
937 72.06 
1033 74.17 
1131 76.13 
1234 78.17 
1342 80.29 
1454 82.41 
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Table 14. Damping coefficient dispersion data for 
1,3 dipalmitoyl glyceryl phosphoric acid, 
TT = 4 d/cm (t = 25.0°C) 
v<iàr> 
400 
500 
600 
700 
800 
900 
1000 
1100 
1200 
1300 
1400 
1.28 
1.47 
1.63 
1.86 
2.11 
2.29 
2.58 
2.74 
3.09 
3.25 
3.23 
Figure 26. Dependence of spreading pressure on area 
for egg albumin films 
TT (d/cm) 
S N B 0 
q 
*a> 
ro 
192 
Table 15. Velocity dispersion data for egg albumin films, 
rr = 0.4 d/cm (t = 25.0°C) 
v (— — )  x sec ' x sec ' 
159.2 • 41.2 
183.1 43.15 
208.7 45.0 
235.3 46.9 
264.5 48.8-
292.2 50.4 
321.8 52.0 
352.5 53.6 
384.2 55.25 
• 4l6.4 56.7 
449.1 58.2 
482.3 .59.4 
514.6 60.4 
547.2 61.8 
588.6 63.8 
678.9 66.3 
778.6 69.1 
884.9 72.0 
992.2 74.5 
1105.8 77.1 
1223.5 79.6 
1345.1 82.0 
1.468.5 84.3 
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Table 16. Damping coefficient dispersion data for egg 
albumin films, rr = 0.4 d/cm (t = 25.0°C) 
v<^' a<H> 
300 0.85 
4oo î.ii 
500 1.29 
600 1.50 
700 1.67 
800 1.95 
900 2.03 
1000 2.20 
1100 2. 4 3  
1200 2.58 
1300 ' 2.69 
1400 2.95 
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Table 17. Velocity dispersion data for heptanoic acid 
soluble monolayers (t = 25.0°C) 
Y ~ 37.9 d/cm y = 50.7 d/cm 
V (———) c(-^-) v(—) c(-^—) x sec' x sec ' x sec ' x sec ' 
300.0 40.59 142.4 34.75 
320.4 41.04 196.8 38.42 
340.5 41.61 259.8 42.27 
360.6 42.70 326.8 45.56 
369.9 42.76 398.8 48.65 
379.8 43.22 469.5 50.89 
389.1 43.00 552.4 53.91 
400.4 44.64 637.1 56.51 
420.5 46.12 724.5 58.90 
44o.i 45.90 814.0 6l.ll 
460.5 45.67 907.5 63.26 
479.8 46.54 1001.7 65.17 
500.4 47.42 1096.0 66.86 
520.9 48.66 1116 67.80 
540.5 48.06 1238 69.85 
579.3 50.29 1384 72.88 
662.3 52.71 1518 74.94 
743.1 54.59 - -
828.9 56.54 — -
907.8 57.79 - -
998.7 59.60 
1076 60.44 - -
1155 61.27 - -
1268 63.73 
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Table 18. Damping coefficient 
soluble monolayers, 
data for heptanoic acid 
y = 50.7 d/cm (t = 25.OC) 
Small probe separation Large probe separation 
a(—) xcnv <ec) a<i;) 
100 0.365 
200 0.534 4oo 1.80& 
300 0.835 500 2.40a 
400 1.125 600 1.87 
500 1.57 700 2.60 
600 1.76 800 2.87 
700 2.01 900 3.25 . 
800 2.84 1000 3.00 
900 3.09 1100 3.49 
1000 3.39 1200 3.84 
1100 3.68 1300 
1400 
1600 
4.24 
4.60 
5.06 
aData scatter was above normal. 
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Table 19. Damping coefficient data for heptanoic acid 
soluble monolayers using the small probe 
separation technique, TT = 37.9 d/cm (t = 25.0 C) 
v(sic> a<is> 
200 0.584 
300 0.830 
350 1.06 
400 2.21 
450 2.63 
500 2.13 
750 3.29 
1000 3.34 
l ioo . 3 .64 
Table 20. Smoothed equilibrium data for heptanoic acid 
O ' 'o ' o c y r 
RT ^ r n A a,T' i n 1 *n » n I 
(V«) X10"(B2^E) X10- (^s|E!) XIO-T^) ^2(^) 
o 
1 
(sec 2) 
1.0 73.0 1.0 0.61 - - 1.30 
2.0 72.0 2.0 0.75 - - 3.17 
4.0 70.0 2.9 0.85 - - 7.22 
6.0 68.0 3.4 0.95 - - 12.1 
10 64.5 3.8 1.05 18.2 0.0392 22.2 
20 58.7 4.2 1.6 26.2 0.0171 67.8 
4o 51.5 4.6 2.7 36.2 0.00840 229 
60 47.5 4.7 3.8 41.8 0.00574 483 
80 44.2 4.8 5.0 - 0.00454 848 
100 41.5 4.8 6.3 - 0.00400 1335 
125 38.8 4.9 7.9 - 0.00340 2100 
136 37.9 4.9 8.6 - 0.00312 2480 
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DISCUSSION 
Before exploring the comparison of ripple propagation 
theory to experimental results, it is pertinent to consider 
first several results derived from limiting forms of the 
relations expressed in Equations 73 and 74 for the insoluble 
monolayer case and Equations 111 and 112 for the soluble 
monolayer case. We shall then present data reported in the 
last section now plotted as the dimensionless quantities Z^ 
and Zg for comparison with theoretically derived curves. 
Implications of these comparisons will be discussed, and 
suggestions for future work will close This Thesis. 
Theory 
The reduction of Equations 73, 74 and Equations 111, 
112 to sets of numbers suitable for comparison of the theory 
to experimental results was a most intriguing part of this 
study. The information sought was enmeshed in both the real 
and imaginary parts of the complex determinants of the 
coefficients of these equations in a surprisingly subtle 
manner. 
For concreteness, let us first limit the discussion to 
the insoluble monolayer case; the soluble monolayer case is 
really of the same cast since only the role of the elastic 
constant is modified by a diffusion flux term. We shall 
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point later comments to this character. 
What characters will determine the propagation para­
meters of the systems studied? Bulk properties are given by 
parameters expressing fluid viscosity (p.), density (p) and 
body forces, usually gravity, while surface properties of 
the system are given by surface tension (y), surface elastic 
(kg) and surface viscosity (k ) parameters which are, in 
principle, known. Suppose we take frequency (v) to be the 
independent variable; then at a given frequency three 
propagation parameters, the wave length (A ), speed (c) and 
the damping coefficient (a) must be fixed. These dependent 
variables are unique; however, the inverse of the trans­
formation, taking a and À or c into v, is not in general 
unique. If gravity is taken into account, as in Equation 23 
(theory), then the velocity dispersion contains a minimum; 
gravity controlled waves travel faster as the frequency 
decreases but surface tension controlled waves travel faster 
as the frequency increases. We have developed only the 
equations for the higher frequency region where gravity 
effects can be neglected.. 
Since we have three propagation parameters to consider, 
i.e., c,X , and a, we need three equations to determine 
these dependent variables in terms of the surface and bulk 
parameters and frequency: 
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F r(a,c, A ,  P,g,H, Y,ke,kv,v) = 0 (Eq. l) 
FjXc^c, A , P,g^, Y,ke,kv,v) = 0 (Eq. 2) 
c - v À = 0 . (Eq. 3) 
Equations 1 and 2 are the real and imaginary parts of the 
complex determinant of the coefficients of Equations 73 and 
74 of the theory section. 
These equations were easily reduced to dimensionless 
form using the definitions expressed in Equations 79. In 
this new form, we again have three equations to consider: 
fr(Z1,Z2,ZyZll,ZyZ6) =0 (Eq. 4)  
fj /ZVZ2'Z3'24 , Z5'Z6^ =  0  (Eq. 5)  
and 
-  2Z5Z4 = 0 .  (Eq. 6)  
Again, three of the groups can be expressed in terms of 
the other three. However, the physical interpretation given 
these groups is now somewhat more subtle. The role of Z^ is 
clear if we note that 2ttZ^  is just the damping per wave 
201 
length. Zg and clearly reflect the surface visco-elastlc 
constants. Zg also appears unambiguous since this parameter 
must represent the departure of the system from ideal liquid 
behavior; Zg = 1 is precisely the Kelvin equation. We note 
that Z^ contains the propagation velocity as the only 
frequency dependent factor. However Z^, Z^ and Zg mix the 
bulk, surface and propagation parameters. The calculation 
of a involves only Z^; however, the calculation of c or X 
involves pairs of the three groups Z^, Z^ and Zg. It should 
be clear from the discussion in the previous section that we 
calculated Z^ and Zg using the first approximation to what 
would be an iterative procedure, i.e., the Kelvin equation, 
Zg = 1, was used to give k as a function of v for the calcu­
lation of Z2j_ ^ and ^ which, in turn, allowed us to solve 
Equations 4 and 5 for Z^ ^  and Zg ^ using Zg and Z^ as 
adjustable parameters. 
If we take the real and imaginary parts of the deter­
minant, Equation 85 (theory), and solve for Z^ we find two 
quadratic equations as follows: 
the real part 
AZ2 + BZ^ + Zg - 4Z^ + 4Zi|Z,_ + [Zg-Z(_ (Z^-Zg ) ][Zg-l ] = 0 
(Eq. 7) 
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and the imaginary part 
AZ I + BZ1 + 4Z4(Z6-Z4Z5) - ZG - Z5(Z2+Z3)(Z6-I) = 0 
(Eq. 8) 
where A, B, Â and B are polynomials in Z^, Z^, . . , Zg. 
At this point, one finds that Zg enter's the formulation 
in a rather subtle fashion. Zg, experimentally, is close to 
1 (0.90 to 1.0) so that to a fair approximation 
Zg * 1 . 
However, we know experimentally that 1 - Zg is of the same 
order of magnitude as Z^ and we see from Equations 7 and 8 
that Zg - 1 multiplies terms containing Z^ and Z^. These 
two facts suggest that we must not exclude Zg - 1 by 
assuming that the Kelvin equation holds exactly. 
Solving the imaginary part for Zg - 1 and substituting 
this result into the real part yields 
IX 
A + | z2 + 
Z5(Z2+Z3) 
:J B + [Zg - Z5(Z2 - Z3)]B ZÇ5 (Z2+Z3) 
203 
+ E - 4z^ + 4z^z^ ] + 
[z6 - - z2] 
25(2=2+23) 
0 (Eq. 9) 
If we multiply Equation 9 by z^ (z2 + Zg) in order to 
find the limiting form corresponding to kg = k = 0, the 
conditions for a clean water surface, we see that, in this 
case, the terms remaining are associated only with the 
imaginary part of the determinant. If we ignore all terms 
of second arid higher order of smallness, we find 
The damping of capillary ripples on monolayer free water 
surfaces should follow this relation and, indeed, this was 
found experimentally as we shall display later. 
Suppose we now assume that is very small and in fact 
can be taken as zero. Further, suppose that the fluid is 
monolayer free and that the bulk viscosity, the film 
viscosity and film elasticity constants can be taken as 
zero. These assumptions imply that zj = z2 = zg = z^ z^  = 
Z^ = 0 so that Equations 8l and 82 (theory) become 
1 - 3*4 • (Eq. 10) 
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i(Zg - 1)Q - G = 0 
IZgCr = 0 
Since Zg 4 0 we see that G = 0; for a non-trivial solution 
(Q 4= O) we have 
Zg = 1 (Eq. 11) 
which states that the velocity dispersion for this limiting 
case is given "by 
or 
° =<rp • 
This is precisely the Kelvin equation derived under the 
ideal fluid assumptions discussed early in the theory 
section. 
Suppose we allow (Z^ + Z^) to become very large, i.e., 
the elastic constant of the film is taken to be arbitrarily 
large. Referring to Equation TO of the theory section we 
see that 
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kQ - imG = 0 (Eq. 12) 
which implies, according to Equation 55 (theory) that Î = 0, 
i.e., the lateral monolayer displacement is zero. If we 
ignore second order and higher terms Equation 9 becomes 
- i + sz^z^ + z^(3Z^ - 4) = o 
so that 
Z1 = 
6Zc - 4 5 
should approximate the rigid monolayer case. 
The results for intermediate values of the visco-
elastic parameters kg and k^ are presented in Figures 27, 
28 and 29. The dispersion curves were calculated from 
Equation 9J the Zg dispersion was calculated using an 
analogous equation derived by eliminating Z^ from the real 
and imaginary parts of Equation 85 (theory). Several 
features of these curves are listed below: 
i) The effect of a change in kg on Z^ and Zg is 
small for 
kg > 10^ d/cm 
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and 
kg < 10 1 d/cm 
11) At constant k^ and v, Z^ goes through a shallow 
minimum for 
10 d/cm < ke < 10 d/cm 
ill) The effect of k^ on Z^ is small for 
kv < 1°"6 
and 
kv >10 
iv) At constant kg and v, Z^ goes through a minimum 
for 
10-2 d - sec < < d - sec 
cm v cm 
v) At constant k^ and v, Zg goes through a minimum 
for 
10 1 d/cm < kg < 100 d/cm 
Figure 27. The theoretical dependence of on frequency 
n - varies 
4 k = 10* 
= 10-8 d - sec 
v cm 
TT = 0.0 d/cm 
kg = 1 d/cm 
ky - varies 
TT =0.0 d/cm 
k - varies 
kv . 10-8 
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Figure 28. Theoretical dependence of Z^ on kg and k^ at 300 cps 
TT =0.0 d/cm TT = 0.0 d/cm 
k = 1 and 10 d/cm k = 10"8 d " sec 
e ' v cm 
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v e 
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Figure 29. Theoretical dependence of Zg on frequency 
TT - varies 
k = 106 d/cm 
k6 = 10"8 d - sec 
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vi) 
vii ) 
viii) At kg = 1, the Zg dispersion curve for k^ = 
10-4 d - sec crosses that for k = 10~2 d " sec . 
cm v cm 
ix) For k^ > 10 and k^ < 10 , Zg is rather insensi­
tive to changes in surface pressures. 
The dependence of Z^ and Zg on k orders as one should 
intuitively expect since the lateral forces involved with 
local changes in surfactant density increase with kg. It is 
interesting to note that for large values of k . i.e., for 
solid films, Zg dispersion is nearly independent of 
spreading pressure. As we shall show later, this property 
was one of our experimental results. 
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At constant k ,  Zg is insensitive to k changes 
for 
kg > 102 d/cm 
and 
kg < 10 ^  d/cm 
At constant kg, Zg is insensitive to k^ changes 
for 
k < 10"6 d - sec 
v cm 
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The dependence of Z^ and Zg on k^ with-k < 100 is 
surprising. With kg = 1 d/cm and v > 300 cps, Z^ becomes 
negative for 10~2 d ~ Sec < k <1 d % sec . This region of 0 cm — v cm 0 
the solution surface probably reflects resonance conditions 
for ripple propagation. Negative Z^ values imply that waves 
would grow rather than, damp with distance from the source. 
Emmons et al. (20), in a paper on Taylor instability of 
finite surface waves, described a set of conditions under 
which wave growth would occur. However, the body forces 
involved in their considerations were not simple gravity 
forces. While Z^ may become small for certain combinations 
of v, k , and k^ (resonance), we doubt that wave growth 
could occur under normal gravity conditions. However, three 
possibilities occur to us: 
i) The theoretical equations, based on a first order 
perturbation treatment, are not valid in this 
region of the solution surface. 
ii) The iteration procedure used to calculate and 
Zg does not converge quickly enough (or at all) 
in this region to justify using only the first 
member of the sequence. 
ill) There are conditions under which ripples may grow 
in a normal gravity field. 
This aspect of the theory will be left for future study. 
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We must hasten to point out that k^ is not the shear 
surface viscosity parameter calculated from bob damping or 
channel flow experiments but rather it is associated with 
the relaxation of compression stress on the monolayer. 
Unfortunately, stress relaxation in monolayer systems has 
not been studied extensively so that it is difficult to 
place bounds on k consistent with experiments independent 
of our own work. Since we should expect k^ to play an 
important role in frequency regions corresponding to time 
constants for stress relaxation, we wish to list frequency-
regions of possible interest. 
i) Relaxation due to hydrogen bonding or hydrocarbon 
• chain interaction in fatty acid and alcohol 
monolayers should occur in frequency regions well 
above 10^ cps. These regions are far out of our 
working range. 
ii) Stress relaxation of monolayers with time con­
stants larger than 0.1 second has been noted in 
our film balance work. The force-area curve 
hysteresis loop, e.g., Figure 22, is an example 
of this effect. Harkins (2) also reports time 
effects. 
Since we are far removed from these two regions, we should 
expect kv to be small in simple monolayer systems such as 
stearic acid spread on water. However, this parameter 
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could gain importance in polymer films. Results on several 
polymer systems will be discussed later. 
The soluble monolayer case is distinguished only by 
inclusion of a diffusion flux into the boundary value 
problem. This complication modifies the elastic constant 
somewhat for if we assume k^ = 0, then Equations 73 and 111 
(theory) read 
{ " 21 k2 |Q + ^ [^®]mk2 - |a(k2 + m2) j G = 0 
(Eq. 14) 
and 
1 
UK 2 
D' 
+ 
1 + iR&^ yf ) P (is2 - i^ . 
o 
(Eq. 15) 
Ik 
Obviously —— goes into 
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uj 
1 + 1Rfe(yrV0^-2  " 
if a diffusion controlled'mechanism is assumed for adsorp­
tion from solution. At high frequencies, soluble monolayers 
will behave as though they were insoluble. Since C and D 
must become very small as solubility decreases, the 
insoluble monolayer equations could also be thought of as a 
limiting form of the soluble monolayer equations. 
Experimental 
Monolayer free water 
The first crucial test of the theory was to predict the 
wave damping and velocity dispersion actually observed in 
our experiments with monolayer free water surfaces. We 
worked under a small handicap since even though the Kelvin 
equation has been verified previously, to our knowledge, 
only two quantative damping coefficients for capillary 
ripples on water have been reported in the literature 
Brown (9) gave a = 0.191 — for "straight" ripples and 
a = 0.212(—) for "circular" ripples, both for a frequency 
of 300 cps. 
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Obviously, comparison of our damping coefficient data with 
published experimental results was not possible. 
The velocity dispersion data, in terms of Zg, are shown 
in Figure 30a. Recall that 
Z P w2 
Z6 " y^3 
so that the maximum differential % error is 
 ^x 100 = [^  + ^  + 515 + 36k] 100 
. [^ + ^ +3|= + 100 
Assigning conservative error levels, we have 
% error in ~ Co.1 + 1.0 + 3.0 + 0.1] 
4 . 
The water velocity data fit the theoretically predicted 
curve well within this error level and in fact, the maximum 
deviation from the theoretical level is 1.5$ while the 
average deviation is below Obviously, ideal fluid 
Figure 30. Dependence of wave velocity and damping on' 
frequency for monolayer free water 
Curves are theoretical, points are experi­
mental 
a. Zg dispersion 
b. Damping coefficient dispersion 
c. Z^ dispersion 
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behavior is followed rather closely in this system. 
The damping coefficient data are presented in Figure 
30b,c. In the damping coefficient (a) dispersion plot, 
three sets of data are represented: 
i) The probes were separated several centimeters so 
that output voltage vs. probe separation plots 
were linear. Two data sets are shown that had 
been taken several months apart. Our results were 
reproducible at frequencies above 300 cps to 10$ 
or better. 
ii) The third set of data was taken using the oscil­
lating output voltage vs. probe separation plots 
resulting from the vary L technique applied to 
small (l cm or less) probe separations, e.g., 
Figure 16 ^ experimental section). Except for the 
300 cps point, the data are within 10$ of the 
theoretically predicted curve. 
In the damping coefficient plot, Figure 30b, the 
theoretical curve was graphed from the first order limiting 
form of the theory written as 
The curve in Figure 30 designated by c shows the data 
fit using the dimensionless group calculated from 
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Equation 9 with Zg = = 0. The fit appears to be within 
experimental error; however, there is perhaps a small 
tendency to underestimate the experimental values. Even so, 
we considered the theory-experiment comparison to be quite 
satisfactory for the monolayer free water system. 
Stearic acid 
Stearic acid monolayers have been extensively studied 
since the invention of the film balance during the early 
years of this century. Compression properties are well 
documented. It is pertinent to realize that stearic acid 
forms condensed monolayers at all spreading pressure; the 
compressibility ranges from 10~2 ^  to roughly 10~^ 
depending upon the spreading pressure. 
Since kg should correlate with the inverse of the com­
pressibility, we should expect that these monolayers will 
behave as rigid films to capillary ripple motion. As 
Figure 31 shows, this speculation closely correlates the 
theoretical and experimental results. The fit at either 
spreading pressure is within experimental error; however, 
the calculated Z^ curves do seem to slightly underestimate 
the experimental points. The approximations carried in the 
calculation could account for this discrepancy. 
We notice that, as predicted by theory, the parameter 
Zg is less than 1 at all frequencies and that it is 
Figure 31. Dependence of Zg and Z^ on frequency for 
stearic acid monolayers at various spreadin 
pressures 
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essentially independent of spreading pressure. 
Mixed alcohol system 
The mixed alcohol system, hexadecanol and octadecanol, 
provides a feature not accessible in most simple monolayer 
systems at room temperature; a two dimension phase change 
occurs as witnessed by the force area curve, Figure 23. 
Damping coefficient dispersion, Figure 32, was determined 
at only two spreading pressures while velocity dispersion 
was recorded for four spreading pressures including the 
pressure at which the phase change occurred. Although the 
0.5 d/cm damping coefficient data were slightly underesti­
mated by the theory, the correlation between theory and the 
experimental data was good enough to conclude that, in the 
frequency region explored, dispersion anomalies did not 
occur during phase changes. 
Stearic acid - polyvinyl acetate 
This mixed monolayer system presented another possi­
bility for stress relaxation analysis. The force-area 
curves for this system have been recently discussed by Ries 
and Walker (40). It appears that at low spreading pressures 
stearic acid molecules and polymer molecules share the free 
surface; however, at high spreading pressures the polyvinyl 
acetate chains are squeezed out of the monolayer into a 
substrate layer just below the rigid stearic acid film. 
Figure 32. Dependence of on frequency for the mixed 
monolayer system octadecanol and hexadecanol 
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It is interesting to note in Figure 33 that the 
theoretical curves fit the high spreading pressure data 
rather closely while the low spreading pressure data are 
underestimated by roughly 15.$. This feature appears to 
correlate with the observation of Ries and Walker that under 
high surface pressure conditions, the mixed monolayer was 
composed principally of stearic acid molecules. It would be 
pertinent to explore much more extensively the dispersion 
properties of ripples traveling on this type of mixed 
monolayer system; dispersion occurring at low spreading 
pressures should be especially interesting. 
Egg albumin 
We chose the protein egg albumin as a representative of 
the class of naturally occurring polymers that form spread 
films..... Even though a number of workers have explored this 
system using conventional film balance techniques, the 
published results are rather diverse. For us, however, the 
interesting fact was that even though egg albumin is rather 
water soluble, as compared to stearic acid, it can be spread 
as a very thin film"1" and further, it has compression proper­
ties similar to conventional insoluble monolayers. Exten­
sive chain interaction could possibly affect the ripple 
^The term "monolayer^ does not precisely describe these 
spread polymer films. 
Figure 33. Dependence of Z^ on frequency for the mixed 
monolayer system stearic acid and polyvinyl 
acetate at various spreading pressure 
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dispersion properties. 
We mentioned in the experimental section that a gain in 
sensitivity was realized by a slight modification of the 
receiving probe. Figure 34 represents the result of that 
modification. Sufficiently large probe separations could be 
used so that very detailed velocity dispersion data could 
be collected by the constant probe separation and vary 
frequency technique. Comparison of the Av"1" vs. plots for 
2 
water and egg albumin films shows that even this rather com­
plicated system reacts simply to ripple propagation. The 
structure in various regions, e.g., 500 to 550 cps, is 
probably due to mechanical coupling rather than film relaxa­
tion. It appears, however, that the instrumentation now has 
sufficient resolution and sensitivity.to allow detection of 
small anomalous velocity dispersion effects in the range of 
100 cps to approximately 1500 cps. 
The dispersion data, Figure 35a, was matched.quite 
well by our theory. There was no indication of stress 
relaxation in the frequency range available to us. 
1Av = vn+1 - vn for n = j, j+1, j+2, . . ., j+m 
~~2~ 2 
where j is the half integer number of waves residing between 
the probes at the lowest frequency recorded and j+m is the 
half integer number of waves between the probes at the 
highest frequency recorded. 
Figure 34. Dependence of constant L frequency differences on frequency for 
monolayer free water and egg albumin films 
Distilled water data, y = 71.8 d/cm, plotted as recorded 
(probe separation was 2.88 cm) 
Egg albumin, i t  = 0.3 d/ 1 ~ ~ " reconstruct 
Egg albumin, rr = 9.9 d/cm, subtract 15 cps to reconstruct 
original data set (probe separation was 2.46 cm) 
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Figure 35. Dependence of -Z, on frequency for several 
systems 
d. Propylene glycol monostearate 
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Long-chain fatty acid esters 
Several esters were examined and the results (Z^ 
dispersion) are presented in Figure 35. These systems were 
of interest in that the hydrophilic group is rather bulky so 
that several film properties are modified, e.g., the com­
pressibility of these films is rather large compared to 
stearic acid. Since k0 is related to the inverse of the 
compressibility, smaller elastic constants should be 
necessary to fit the data. This was not soj large values of 
k were again necessary to fit the experimental data. 
Apparently the compression frequency was high enough to 
cause these monolayers to behave as solid films. 
Heptanoic acid 
We had experimental evidence, gathered by Hansen and 
Wallace (39) using the vibrating jet technique, that the 
time constants for film formation on aqueous, concentrated 
heptanoic acid solutions were in a region accessible to our 
present instrumentation. We wished to check our soluble 
monolayer theory and to search for anomalous dispersion 
associated with the relaxation time for film formation. The 
experimental data are presented in Figures 36, 37 and 38. 
We were able to fit the data taken at the lower concen-
1 d^ s tration level using the quantity ^ (y^r) p derived from the 
equilibrium surface tension study of King (38) noted in the 
Figure 36. Dependence of and Zg on frequency for 
heptanoic acid solution (soluble monolayer 
system) - Y = 50.7 d/cm 
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last section (Figure 36). A somewhat larger elastic con­
stant parameter was needed for the fit, but this appears 
consistent with our previous results on insoluble 
monolayers. 
The higher concentration study appeared to develop an 
anomalous velocity dispersion region (Figures 37 and 38) 
close to 400 cps, and this is precisely the relaxation 
region predicted from the extrapolated data of Hansen and 
Wallace. However, we must hasten to add that this can be 
only a tentative result since the unfavorable signal to 
noise ratio experienced during the experimental work on this 
system increased the probable error in the measurement so as 
to nearly obscure the true character of the curve. 
The damping parameter, Z^, also varied abnormally in 
the frequency region close to 400 cps. Excluding the two 
points at 400 cps and 450 cps, the experimental data 
bracketed the theoretical curve rather well (Figure 38). 
We feel that the diffusion control wave damping theory 
was consistent, after acknowledging the error level, with the 
experimental data; however, the abnormality noted certainly 
warrants further study. 
Zg dispersion 
It was interesting to note that, as predicted for 
systems described by large k values,the Zg dispersion on 
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insoluble monolayers was essentially independent of film 
composition or spreading pressure, Figure 39. However, this 
dimensionless group was very sensitive to deviations in 
propagation velocity, i.e., this parameter will be very 
sensitive to abnormal dispersion effects. The Zg plot 
(Figure 38) for the heptanoic acid system with y = 37.6 d/cm 
will serve as an example of this property. 
Conclusions and Recommendations 
Since our theory predicts the ripple dispersion proper­
ties to within experimental and computational error, we 
conclude that the formulation is valid to at least the first 
order of approximation. We need to improve the calculation 
technique by striving to eliminate the order of magnitude 
assumptions that were invoked to produce Equations 8l and 82 
from Equations 73 and 74 in the theory section. The 
horrendous amount of algebraic manipulation necessary to put 
(without further assumptions) Equations 73 and 74 into a 
form which would allow calculation of Z^ and Zg caused us to 
take the approach discussed in This Thesis. Now that we 
have some confidence in the correctness of the theory, the 
two equations should be solved not only for Z^ and Zg to a 
much better approximation but also solutions should be 
tabulated over a much wider frequency range. In particular, 
the low frequency range would be of interest. However, 
Figure 39. Comparison of Zg dispersion data on insoluble monolayers 
X - Mixed monolayers of stearic acid and polyvinyl acetate 
(TT = 16.5 D/CM) 
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0 -Mixed monolayer of octadecanol and hexadecanol 
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gravity effects must be included in the frequency region 
below approximately 100 cps. 
The soluble monolayer theoretical calculation should be 
extended to include a much wider frequency range and a de­
tailed study should be made of the nature of the solutions 
1 ô|is 
as the concentration, diffusion coefficient and ^r(g~ïr)p 
o 
parameters are varied. It would be interesting to construct 
a soluble monolayer theory assuming that the adsorption rate 
is barrier controlled. 
It would be interesting to attempt to program solutions 
of the two systems of complex simultaneous equations using 
subroutines to perform the necessary algebraic manipulations 
on the complex quantities needed to complete the calculation. 
Instrumentation was developed that handles the 
frequency region embracing 100 cps to 1400 cps with good 
precision, especially with respect to the propagation 
velocity determination. The present equipment can be used 
beyond these limits; however, the probable error level in­
creases rapidly outside of this frequency region. Instru­
mentation should be developed that will allow velocity and 
damping measurements down to at least 10 cps. The com­
pression hysteresis found in our film balance work implies 
that stress relaxation should exist and may become important 
in this low frequency region. It should also be true that 
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k will approach where 3 is the film compressibility, as 
s • p 
the frequency goes' to zero. 
Two sets of data showed rather interesting deviations 
from our theory: the low spreading pressure region for the 
mixed monolayer system, stearic acid-polyvinyl acetate, and 
the high spreading pressure region for the heptanoic acid 
soluble monolayer system. Further work with these systems 
might give us insight into the role of the substrate on film 
properties. 
Our theory predicts rather interesting and Zg dis­
persion if k0 is sufficiently small and k^ is sufficiently 
large. A search for such systems should be initiated. 
Shorter chain fatty esters of the 1,3 dipalmitoyl glyceryl 
phosphoric acid type might be of interest. However, exten­
sive film balance work would be required on these somewhat 
obscure systems. Polymer systems, especially at low spread­
ing pressures, should be explored. 
Our experimental results imply that the ultra low 
spreading pressure region for liquid or gaseous types of 
monolayers such as lauric acid and many polymer systems 
might be of interest. We should be able to see the experi­
mental curves go from the clean surface characteristic 
dispersion to the rigid monolayer characteristic dispersion 
while the spreading pressure remains essentially zero. 
Our experimental technique could be applied to the 
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measurement of adsorption kinetics. At constant probe 
separation, one would need only to monitor the phase angle 
change with time to obtain rate of surface tension change 
data. This technique could bridge the gap between the 
vibrating jet technique applied to fast adsorption kinetics 
(e.g., heptanoic acid) and, for example, the drop weight 
technique for slow adsorption kinetics (e.g., decanoic 
acid). This time region holds rather critical information 
for workers interested in the kinetics of adsorption from 
solution. 
Finally, the technique could be applied to liquid-
liquid interface measurements. The theory would need to be 
recast; however, one form of this more general theory was 
given by Koussakov (19). The lateral interaction forces 
within the film residing at the liquid-liquid interface are 
greatly diminished. The dispersion should be more sensitive 
to these effects in the liquid-liquid systems than in the 
liquid-air systems where the interaction forces are much 
larger. 
While we have accomplished the four goals listed in the 
introduction to This Thesis, the search leading to an under­
standing of the visco-elastic nature of surface films has 
only begun. We hope that the technique and theory described 
here will develop into a powerful tool for the exploration 
of the mechanical properties of monolayer systems. 
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SUMMARY 
The propagation properties of surface tension con­
trolled ripples traveling on aqueous-monolayer systems were 
studied theoretically and experimentally. The boundary 
value problems describing wave propagation in these systems 
were derived and solved from the viewpoint of continuum 
hydrodynamics. Two cases were discussed extensively, i.e., 
propagation on insoluble monolayer systems and propagation 
on soluble monolayer systems. The first case involved a 
surface elasticity parameter (k ) and a surface viscosity 
parameter (k ) while the second case added a term to the 
elastic parameter (k ) resulting from the diffusion flux 
assumption. 
The resulting equations were converted into a dimen-
sionless form and simplified by order of magnitude assump­
tions. First order calculations for damping coefficient 
dispersion and propagation velocity dispersion as functions 
of the surface parameters (surface tension, film elastic 
constant, and film viscosity constant) were programmed on 
the "Cyclone" computer. 
While an automatic recording surface balance was also 
designed and built, the experimental effort was centered on 
the development of the instrumentation necessary for the 
quick and accurate measurement of the propagation parameters 
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associated with capillary ripples traveling through surface 
films. A unique feature of our detection system was that a 
commercial, high output, crystal phonograph cartridge'served 
to sense the very small amplitude surface waves generated 
during an experiment. Comparisons of the wave amplitude and 
the phase relation between the wave generator and detector 
done as a function of frequency and probe separation allowed 
calculation of the wave velocity dispersion and wave damping 
coefficient dispersion. These data were compared with the 
results of the theoretical calculation. 
The insoluble monolayer theory was well substantiated 
by the experimental results on the systems studied: 
monolayer free water, stearic acid, several fatty acid 
esters, several mixed monolayer systems and a naturally 
occurring polymer system (egg albumin). 
The soluble monolayer theory was substantiated by the 
experimental results on aqueous heptanoic acid solutions. 
However, the experimental data scatter was, at times, 
appreciable at the rather high concentration levels studied. 
There was a hint of relaxation dispersion, probably 
associated with an adsorption time constant, in the data 
— P 
recorded at the higher concentration level (~ 1.4 x 10 
moles/liter) studied. Further work is needed to sub­
stantiate this result. 
252 
LITERATURE CITED 
1. Adam, N.K. The physics and chemistry of surfaces. 
3rd ed. London, Oxford University Press. 1941. 
2. Harkins, W. D. The physical chemistry of surface 
films. New York, N. Y., Reinhold Publishing 
Corporation. 1952. 
3. Adamson, A. W. Physical chemistry of surfaces. New 
York, N. Y., Interscience Publishers, Inc. i960. 
4. Davies, J. T. and Rideal, E. K. Interfacial phenomena. 
New York, N. Y., Academic Press, Inc. 1961. 
5. Tschoegl, N. W. J. of Colloid Science 13: 500. 1958. 
6. Stoker, J. J. Water waves. New York, N. Y., 
Interscience Publishers, Inc. 1957. 
7. Pockels, A. Nature 43: 437. 1891. 
8. Thomson, W. Philosophical Magazine 42: 368. 1871. 
9. Brown, R. C. Proceedings Physical Society of London 
48: 312. 1936. 
10. Proceedings Physical Society of London 48: 
323. 1936. 
11. Dorsey, N. E. Physical Review 5: 170. 1897. 
12. Watson, F. R. Physical Review 12: 257. 1901. 
13. Gorter, E. and Seeder, W. A. Kolloid Zeitschrift 58: 
257. 1932. 
14. Lamb, H. Hydrodynamics. 1st American ed. New York, 
N. Y., Dover Publications. 1945. 
15. Klemm, A. Physikalische Zeitschrift 40: 483. 1939• 
16. Wieghardt, K. Physikalische Zeitschrift 44: 101. 
. 1943. 
17. Dorrestein, R. Proceedings Koninklijke Nederlandse 
Akademie Van Wetenschappen Ser. B, 54: 260. 1951. 
253 
18. Levich, V. Acta Physicochimlca U. R. S. S. 14: 307. 
1941. 
19. Koussakov, M. Acta Physicochimlca U. R. S. S. 19: 286. 
1944. 
20. Emmons, H. W., Chang, C. T., and Watson, B. C. J. of 
Fluid Mechanics J: 177. I960. 
21. Ursell, F., Dean, R„ G., and Yu, Y. S. J. of Fluid 
Mechanics J: 33. I960. 
22. Crapper, G. D. J. of Fluid Mechanics 2: '532. 1957. 
23. Case, K. M. and Parkinson, W. C. J. of Fluid Mechanics 
2: 172. 1957. 
24. Landau, L. D. and Lifshitz, E. M. Fluid mechanics. 
London, Pergamon Press, Ltd. 1959. 
25. Wehausen, J. V. and Laitone, E. V. Handbilch der 
Physik'9: 446. i960 .  
26. Truesdell, C. A. The kinematics of vorticity. 
Bloomington, Ind., Indiana University Press. 1954. 
27. Sommerfeld, A. Mechanics of deformable bodies. New 
York, N. Y., Academic Press, Inc. 1950. 
28. Birkhoff, G. Hydrodynamics, a study in logic, fact and 
similitude. Princeton, New Jersey, Princeton 
University Press, i960 .  
29. Levich, V. Acta Physicochimlca U. R. S. S. 14: 321. 
1941. 
30. Mann, J. A. and Hansen, R. S. Review of Scientific 
Instruments 31: 96l. i960 .  
31. LaMer, V. K. and Robbins, M. L. J. of Colloid Science 
15: 123. I960. 
32. Hillier, K. W. and Kolsky, H. Proceedings Physical 
Society of London Ser. B, 62: 111. • 1949. 
33. Bull, H. B. J. of the American Chemical Society 67: 4. 
1945. 
254 
34. Trurnitt, H. J. J. of Colloid Science 15: 1. I960. 
35. Zuidema, H. H. and Waters, G. W. Industrial and 
Engineering Chemistry, Analytical Edition 13: 312. 
1941. 
36. Lange, N. A. Handbook of Chemistry. 8th ed. Sandusky, 
Ohio, Handbook Publishers, Inc. 1952. 
37. Hildebrand, F. B. Introduction to Numerical Analysis. 
New York, N. Y., McGraw-Hill Book Company, Inc. 1956. 
38. King, H. H. Kansas State Agricultural College 
Technical Bulletin No. 9. 1922. 
39. Hansen, R. S. and Wallace, T. C. J. of Physical 
Chemistry 63: IO85. 1959. 
40. Ries, H. E. and Walker, D. C. J. of Colloid Science 
16: 361. 1961. 
255 
ACKNOWLEDGMENTS 
We gratefully acknowledge the help and encouragement 
of Professor R. S. Hansen. His .deep insight into the 
physics and chemistry of surface phenomena have been a 
source of inspiration during this study. 
